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ABSTRACT 

The  physical  and  biological  forces  that  drive  zooplankton  distribution  and  patchiness  in 
an  antarctic  continental  shelf  region  were  examined,  with  particular  emphasis  on  the 
Antarctic  krill,  Euphausia  superba.  This  was  accomplished  by  the  application  of  acoustic, 
video,  and  environmental  sensors  during  surveys  of  the  region  in  and  around  Marguerite 
Bay,  west  of  the  Antarctic  Peninsula,  in  the  falls  and  winters  of  2001  and  2002.  An 
important  component  of  the  research  involved  the  development  and  verification  of 
methods  for  extracting  estimates  of  ecologically-meaningful  quantities  from 
measurements  of  scattered  sound.  The  distribution  of  acoustic  volume  backscattering  at 
the  single  frequency  of  120  kHz  was  first  examined  as  an  index  of  the  overall  biomass  of 
zooplankton.  Distinct  spatial  and  seasonal  patterns  were  observed  that  coincided  with 
advective  features.  Improved  parameterization  was  then  achieved  for  a  theoretical  model 
of  Antarctic  krill  target  strength,  the  quantity  necessary  in  scaling  measurements  of 
scattered  sound  to  estimates  of  abundance,  through  direct  measurement  of  all  necessary 
model  parameters  for  krill  sampled  in  the  study  region  and  survey  period.  Methods  were 
developed  for  identifying  and  delineating  krill  aggregations,  allowing  the  distribution  of 
krill  to  be  distinguished  from  that  of  the  overall  zooplankton  community.  Additional 
methods  were  developed  and  verified  for  estimating  the  length,  abundance,  and  biomass 
of  krill  in  each  acoustically-identified  aggregation.  These  methods  were  applied  to  multi¬ 
frequency  acoustic  survey  data,  demonstrating  strong  seasonal,  inter-annual,  and  spatial 
variability  in  the  distribution  of  krill  biomass.  Highest  biomass  was  consistently 
associated  with  regions  close  to  land  where  temperatures  at  depth  were  cool.  Finally,  the 
morphology,  internal  structure,  and  vertical  position  of  individual  krill  aggregations  were 
examined.  The  observed  patterns  of  variability  in  aggregation  characteristics  between  day 
and  night,  regions  of  high  versus  low  food  availability,  and  in  the  presence  or  absence  of 
predators,  together  reinforced  the  conclusion  that  aggregation  and  diel  vertical  migration 
represent  strategies  to  avoid  visual  predators,  while  also  allowing  the  krill  access  to 
shallowly-distributed  food  resources.  The  various  findings  of  this  work  have  important 
implications  to  the  fields  of  zooplankton  acoustics  and  Antarctic  krill  ecology,  especially 
in  relation  to  the  interactions  of  the  krill  with  its  predators. 

Thesis  Supervisors:  Peter  H.  Wiebe  and  Timothy  K.  Stanton 
Titles:  Senior  Scientists,  Woods  Hole  Oceanographic  Institution 
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Chapter  1 

Introduction 


1.1  MOTIVATION 

The  distribution  of  zooplankton  is  characterized  by  extreme  variability  at  a  range  of 
spatial  and  temporal  scales  (Cassie,  1963;  Haury  et  aL,  1978);  ‘patchiness’  is  the  term 
used  to  describe  the  intermittent  nature  and  strong  spatial  heterogeneity  typical  of  the 
distribution  of  many  animals  (Steele,  1974).  Zooplankton  patchiness  likely  stems  from  a 
complex  interaction  of  physical  processes,  food  availability,  population  dynamics, 
predation,  and  behavior  (Folt  and  Bums,  1999).  As  a  characteristic  feature  of  marine 
systems,  zooplankton  patchiness  must  be  taken  into  account  in  any  consideration  of 
ecosystem  processes  such  as  predator-prey  interactions  or  carbon  flux.  In  addition, 
patchiness  has  important  consequences  to  the  error  associated  with  abundance  estimates 
from  low-resolution  sampling  techniques  such  as  net  surveys,  and  thereby  to  stock 
assessment  surveys  for  commercially-exploited  species  (McClatchie  et  al.,  1994).  Despite 
this  convincing  impetus,  however,  a  comprehensive  understanding  concerning 
zooplankton  patchiness  remains  elusive,  perhaps  due  to  an  historical  lack  of  appropriate 
tools  able  to  resolve  small-scale  variability  (Greene  et  al.,  1998). 

Zooplankton  play  a  pivotal  role  in  the  antarctic  continental  shelf  ecosystem,  providing 
both  a  trophodynamic  link  between  phytoplankton  and  higher  predators,  and,  via  their 
faecal  pellets,  a  mechanism  by  which  newly  fixed  carbon  can  be  exported  from  the 
euphotic  zone  (Priddle  et  al.,  1992).  The  Southern  Ocean  is  estimated  to  be  responsible 
for  15%  of  global  primary  production  (Huntley  et  ai,  1991),  much  of  which  is  consumed 
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by  zooplankton.  Understanding  heterogeneity  in  the  distribution  of  zooplankton  as  it 
relates  to  heterogeneity  in  that  of  primary  producers  is  thus  key  to  understanding  carbon 
export  in  this  important  region,  and  to  predicting  the  likely  impacts  of  climate  change. 

Among  antarctic  zooplankton,  much  attention  has  focused  on  the  Antarctic  krill 
{Euphausia  superba  Dana),  as  the  subject  of  one  of  the  world’s  largest  crustacean 
fisheries  (Ichii,  2000),  and  the  key  prey  item  for  numerous  species  of  birds,  seals,  and 
whales  (Laws,  1985).  Many  of  these  seal  and  whale  species  have  still  not  recovered  from 
over-exploitation  in  previous  decades  and  centuries,  such  that  understanding  the 
interaction  of  krill  and  their  predators,  and  the  potentially  competitive  impact  of  the  krill 
fishery,  is  of  great  importance  (Everson,  2000a).  In  addition,  the  krill  is  notable  for  its 
consistent  formation  of  highly  cohesive  aggregations,  and  is  a  strong  swimmer  capable  of 
overcoming  most  prevailing  currents  (Hamner  ei  al.,  1983).  It  therefore  represents  an 
attractive  model  species  for  the  study  of  how  active  behaviors  interact  with  physical 
oceanographic  processes  to  generate  patchiness  in  the  distributions  of  zooplankton. 

This  thesis  examines  the  forces  that  drive  zooplankton  distribution  and  patchiness  in 
antarctic  continental  shelf  regions,  with  particular  attention  given  to  the  krill.  The 
ultimate  goal  is  to  understand  how  physical  oceanographic  processes  and  environmental 
conditions  are  linked  to  krill  distribution  at  the  broad-scale  and  behavior  at  the  level  of 
the  individual  aggregation.  The  work  is  motivated  both  by  the  fascinating  nature  of  the 
phenomenon  of  zooplankton  patchiness  in  its  own  right,  and  by  a  desire  to  understand 
how  krill  distribution  and  behavior  are  linked  to  the  dynamics  of  higher  predators  and  the 
Southern  Ocean  ecosystem  as  a  whole. 
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1.2  BACKGROUND 


1 .2.1  History  of  krill  research  and  the  krill  fishery 

Early  recognition  of  the  central  importance  of  Antarctic  krill  to  the  diets  of  many  higher- 
Jevel  Southern  Ocean  predators  was  made  by  the  sealers  and  whalers  of  the  19‘^  and  20''^ 
centuries  (summarized  in  Marr,  1962).  Ecological  interest  in  krill  originated  in  attempts 
to  manage  the  whale  hunt  on  a  scientific  basis,  resulting  in  the  highly  ambitious 
Discovery  Expeditions  of  the  1930s  and  40s.  The  collected  reports  of  the  Expeditions 
painted  the  picture  of  an  enormously  abundant  species,  distributed  in  vast  swarms  about 
the  entire  antarctic  continent  (Marr,  1962),  and  which  displayed  a  complex  succession  of 
life  history  stages  (Fraser  1936).  These  somewhat  qualitative  studies  laid  the  foundation 
for  all  later  krill  research. 

With  the  precipitous  decline  in  the  whale  catch  during  the  1960s  (Laws,  1977),  the 
potential  of  Antarctic  krill  as  an  apparently  vast  source  of  protein  began  to  be  considered 
(Moiseev,  1970).  Estimates  of  krill  abundance  of  the  day  ranged  from  14  to  7000  million 
metric  tons  (Mt),  implying  the  potential  for  a  major  fishery.  Of  particular  notoriety  was 
the  'krill  surplus’  hypothesis,  which  held  that  the  deficit  of  41.7  Mt  of  whale  biomass 
culled  by  the  whaling  industry  must  have  led  to  a  ‘surplus’  annual  production  of  150  Mt 
of  krill  no  longer  being  consumed  and  thus  available  for  harvest  (Gulland,  1970).  Despite 
the  concern  of  some  that  this  potential  surplus  would  simply  be  consumed  by  increasing 
populations  of  other  apex  predators  (Laws,  1977),  the  notion  of  a  harvestable  150  Mt  at  a 
time  when  the  total  combined  yield  of  the  world’s  fisheries  was  60  Mt  led  to  enormous 
optimism  that  a  krill  fishery  would  solve  the  problem  of  "supplying  ever-increasing 
human  populations  with  food”  (Moiseev,  1970).  Soviet  exploratory  fishing  operations 
had  demonstrated  that  krill  were  easy  to  find  and  catch  (Makarov  et  al.,  1970),  and  so  by 
the  end  of  the  1970s  the  krill  fishery  had  begun  in  earnest.  The  Southern  Ocean  krill 
fishery  peaked  at  a  total  catch  of  0.5  Mt  in  the  1980s  and  presently  extracts 
approximately  0.1  Mt  of  krill  annually,  and  thus  is  among  the  largest  crustacean  fisheries 
in  the  world  (Ichii,  2000). 
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Recognition  of  the  central  role  played  by  the  krill  in  the  antarctic  marine  ecosystem, 
coupled  with  the  memory  of  the  drastic  over-exploitation  of  the  Southern  Ocean  seal  and 
whale  populations  of  previous  decades  and  centuries,  however,  has  led  to  concerns  that 
even  light  levels  of  fishing  pressure  might  lead  to  a  collapse  of  the  food  web  (Nicol, 

1994).  Many  antarctic  top  predators  are  dependent  on  krill  as  their  primary  prey  item,  and 
population  dynamics  for  some  species  have  been  shown  to  vary  with  krill  abundance,  at 
least  at  a  local  scale  (Reid  and  Croxall,  2001).  This  introduces  the  possibility  of 
competition  between  the  commercial  fishery  and  natural  predators.  The  linkages  between 
the  dynamics  and  distribution  of  krill  populations  and  those  of  their  predators  thus 
represent  an  important  avenue  of  investigation. 

Scientific  interest  in  krill  has  also  been  prompted  by  the  role  this  highly  abundant 
secondary  producer  might  play  in  global  carbon  cycling  and  its  response  to  climate 
change.  The  extent  to  which  the  vast  area  of  the  Southern  Ocean  sequesters  atmospheric 
carbon  dioxide  is  of  global  biogeochemical  relevance  (Huntley  et  ai,  1991).  As  a  central 
member  of  the  Antarctic  food  web,  krill  may  exert  a  substantial  influence  over  the  degree 
to  which  carbon  dioxide  drawn  down  from  the  atmosphere  and  fixed  into  organic 
particulate  material  by  primary  producers  is  exported  from  the  shallow  euphotic  zone 
where  primary  production  occurs  and  sequestered  in  the  deep  ocean  (Priddle  et  ai,  1992). 
The  dense  fecal  pellets  of  krill  and  other  zooplankton  are  known  to  constitute  an 
important  mechanism  for  such  carbon  export  (LeFevre  et  aL,  1998),  and  the  abundance 
and  spatial  distribution  of  the  krill,  in  relation  to  that  of  primary  producers,  are  likely  to 
be  important  considerations  in  the  Southern  Ocean  carbon  cycle. 


1 .2.2  Ecology  of  the  Antarctic  krill 

There  are  seven  species  of  commonly  occurring  euphausiid  in  the  Southern  Ocean: 
Eiiphausia  saperba,  E.  crystallophorias,  E.  vallentini,  E.  triacantha,  E.  frigida,  and 
Thysanoessa  macrura  and  T.  vicina.  The  distributions  of  these  various  species  show  a 
great  deal  of  overlap,  but  there  is  a  general  latitudinal  gradation,  with  E.  crystallorophias 
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mostly  limited  to  continental  shelf  regions,  E.  vallentini  restricted  to  waters  north  of  the 
Antarctic  polar  front,  and  the  other  species  found  in  between  (Mauchline,  1980c; 
Everson,  2000b).  Of  these  species,  perhaps  the  most  abundant,  and  certainly  the  most 
commercially  important,  is  the  Antarctic  krill,  Euphausia  superba. 

The  Antarctic  krill  has  a  circumpolar  distribution  strongly  linked  to  large-scale 
circulation  features  and  characterized  by  enhanced  concentrations  located  in  two  bands 
about  the  continent:  one  in  continental  shelf  regions  within  the  westerly-flowing  East 
Wind  Drift,  and  the  other  in  oceanic  waters  between  the  easterly-flowing  Antarctic 
Circumpolar  Current  (ACC)  and  the  Antarctic  Polar  Front  (Marr  1962;  Amos,  1984). 
Both  regions  display  large  temporal  variability  in  krill  abundance  between  seasons  (e.g., 
Lascara  et  aL,  1999)  and  years  (e.g.,  Brierley  ei  ai,  1997).  The  seasonal  advance  and 
retreat  of  the  pack  ice  (from  20  million  km^  in  winter  to  4  million  km^  in  summer)  is 
generally  believed  to  have  a  strong  influence  on  the  broad-scale  distribution  of  krill,  both 
through  direct  effects  and  indirectly  through  the  association  of  the  retreat  of  the  ice  with 
enhanced  primary  productivity  at  the  ice  edge  (Miller  and  Hampton,  1989).  Krill 
distribution  also  varies  meridionally,  with  particularly  enhanced  abundances  found  in  the 
Ross,  Weddell,  and  Bellingshausen  Seas,  along  the  western  Antarctic  Peninsula,  in  the 
western  Scotia  Sea  around  the  productive  krill  fishing  grounds  of  South  Georgia,  and  in 
the  region  south  of  the  Indian  Ocean  (Figure  1.1;  Amos,  1984).  Genetic  analysis  of  krill 
mitochondrial  DNA  from  some  of  these  regions  has  suggested  that  krill  near  South 
Georgia  are  genetieally  distinct  from  those  of  the  Weddell  Sea,  although  otherwise  no 
differences  were  found  for  krill  sampled  from  these  two  location  as  well  as  the  Ross  and 
Bellingshausen  Seas  (Zane  et  ai,  1998). 

The  krill  is  a  long-lived  species,  reaching  ages  of  6-7  years,  and  spawning  at  age  2-3 
during  the  summer  in  oceanic  waters  along  or  beyond  the  continental  shelf  break  (Siegel, 
2005).  There  is  some  suggestion  that  post-spawning  adult  krill  then  migrate  in  fall  to 
over-winter  in  coastal  regions  (Siegel,  1988).  Surveys  in  the  Gerlache  Strait  along  the 
Western  Antarctic  Peninsula  have  suggested  that  some  krill,  particularly  small  adults, 
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Figure  1.1  -  The  antarctic  continent,  showing  major  seas  and  the  location  of  the  U.S. 
Southern  Ocean  GLOBal  ECosystems  Dynamics  (SO  GLOBEC)  program  study  site. 
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may  also  spawn  in  the  deep  basins  and  troughs  of  more  coastal  regions  (Brinton,  1991). 
The  developing  embryos  sink  and  hatch  at  depths  greater  than  700  m  (Siegel,  2000). 
Post-hatch  larvae  progress  through  a  series  of  developmental  stages  as  they  migrate 
upwards  to  shallower  waters  by  fall  and  are  thought  to  spend  the  winter  in  association 
with  the  immediate  under-ice  environment  (Marr  1962;  Nicol,  2006).  Some  evidence 
suggests  that  krill  recruitment  is  highest  after  winters  of  extensive  sea-ice,  and  is 
influenced  by  competition  with  salps  for  phytoplankton  food  resources  (Loeb  et  al., 

1997).  Larval  krill  as  small  as  10  mm  have  been  observed  to  form  aggregations  under  sea 
ice  (Hamner  et  ai,  1989),  and  post-larval  krill  are  thought  to  spend  the  majority  of  their 
time  in  aggregations.  The  high  degree  of  cohesion  and  synchronized  behavior  in  such 
aggregations  revealed  by  the  observations  of  divers  has  led  some  authors  to  suggest  that 
the  term  ‘school’  is  in  fact  most  appropriate  (Hamner  et  aL,  1982),  and  the  persistent 
occurrence  of  krill  in  aggregations  has  led  others  to  suggest  that  the  krill  aggregation 
constitutes  the  basic  ecological  unit  of  the  species  (Watkins,  1986). 

The  emphasis  of  the  present  work  is  on  the  distribution  of  krill  at  the  meso-scale  and  the 
structure  and  behavior  of  individual  krill  aggregations.  More  thorough  reviews  of  the 
current  state  of  understanding  of  these  topics  will  be  presented  as  introductory  material  in 
subsequent  chapters.  These  subjects  have  received  substantial  attention,  and  interesting 
insights  have  emerged  concerning  the  associations  of  krill  with  both  physical 
oceanographic  and  biological  factors.  Most  of  this  previous  work  has  been  conducted 
during  the  austral  spring  and  summer,  however,  when  antarctic  continental  shelf  regions 
are  most  accessible.  Previous  studies  of  krill  distribution  and  aggregative  behavior  in  fall 
and  winter  have  been  few,  and  it  is  in  addressing  this  deficiency  that  this  work  makes  one 
of  its  most  important  contributions. 

1.2.3  Southern  Ocean  GLOBEC  program 

The  present  research  was  conducted  as  one  component  of  the  U.S.  Southern  Ocean 
GLOBal  Ecosystems  Dynamics  (SO  GLOBEC)  program,  one  of  the  many  GLOBEC 
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projects  around  the  world,  which  in  broad  terms  are  charged  with  understanding 
variability  in  the  populations  of  marine  organisms  in  response  to  environmental  change. 
The  SO  GLOBEC  program’s  primary  objective  is  “to  understand  the  physical  and 
biological  factors  that  contribute  to  enhanced  Antarctic  krill  growth,  reproduction, 
recruitment,  and  survivorship  throughout  the  year”  (Hofmann  et  al.,  2002).  The 
program’s  goals  also  include  an  understanding  of  what  factors  contribute  to  the 
availability  of  krill  to  higher  predators,  including  whales,  seals,  and  penguins,  and  in  this 
respect  the  program  is  quite  unusual.  The  concurrent  collection  of  information  on 
physical  processes,  nutrient  dynamics,  primary  producers,  zooplankton,  as  well  as  higher 
predators,  provides  an  important  opportunity  to  understand  biological-physical  linkages 
at  all  levels  of  the  ecosystem. 

The  SO  GLOBEC  program  selected  as  its  primary  study  site  the  continental  shelf  region 
in  and  around  Marguerite  Bay,  west  of  the  Antarctic  Peninsula  (Figure  1.1).  This  region 
is  thought  to  sustain  large  abundances  of  Antarctic  krill  (Marr,  1962;  Lascara  et  ai, 

1999),  and  may  act  as  a  source  for  the  down-stream  krill  populations  that  support  the 
major  krill  fishery  around  South  Georgia  (Atkinson  et  aL,  2001 ;  Fach  et  aL,  2002).  The 
area  is  also  home  to  large  populations  of  predators  dependent  on  krill  as  their  central  prey 
(Fraser  and  Trivelpiece,  1996;  Costa  and  Crocker,  1996).  Few  previous  studies  of  the 
region  have  considered  the  fall  and  winter  seasons  (Lascara  et  aL,  1999),  although  the 
region  is  hypothesized  to  be  an  important  krill  over-wintering  ground.  Given  the  general 
dearth  of  previous  wintertime  studies  of  krill  anywhere  about  the  Antarctic,  and  in  the 
Marguerite  Bay  region  in  particular,  the  SO  GLOBEC  program  targeted  austral  fall  and 
winter  for  periods  of  detailed  study.  The  program  approached  its  goals  through  a 
combination  of  broad-scale  survey  cruises  with  an  ice-capable  survey  vessel  conducted 
concurrent  to  process-oriented  studies  by  a  second  vessel,  coupled  with  more  long-term 
deployments  of  satellite  tags  affixed  to  predators,  weather  stations,  drifters,  and  moored 
instrument  packages  (reviewed  in  Hofmann  et  aL,  2002,  and  see  references  therein  to 
individual  projects). 
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The  Marguerite  Bay  region  is  characterized  by  a  variety  of  physical  features  that  may 
contribute  to  its  support  of  such  a  productive  ecosystem.  The  regional  hydrography  is 
reviewed  in  greater  detail  in  the  chapters  that  follow,  but  in  brief,  large  gyres  (100-400 
km  in  horizontal  extent  along-shelf,  100-150  km  across-shelf)  have  been  observed  over 
the  western  Antarctic  Peninsula  continental  shelf,  and  the  Antarctic  Circumpolar  Current 
(ACC)  is  typically  positioned  immediately  beyond  the  shelf  break  (Smith  et  aL,  1999). 
The  continental  shelf  is  overall  quite  deep,  often  exceeding  depths  of  400  m,  and  is 
intersected  by  a  number  of  deep  troughs.  Warm  and  nutrient-rich  rich  waters  present  at 
depth  beyond  the  shelf-break  are  pumped  up  onto  the  shelf  by  the  action  of  the  ACC  at 
the  points  where  these  troughs  intersect  the  shelf  break  (Klinck  et  aL,  2004).  These 
intruding  waters  are  thought  to  be  an  important  driver  of  primary  production  in  the  region 
and  the  dominance  of  large  diatoms  over  other  primary  producers  (Prezelin  et  ai,  2004). 
The  entire  region  is  covered  by  sea  ice  in  winter  and  is  ice-free  in  summer  (Stammerjohn 
and  Smith,  1996).  The  complex  interplay  of  these  various  forcings  undoubtedly  has 
important  impacts  on  the  distribution  of  krill  and  other  zooplankton  in  the  region. 

1 .2.4  Zooplankton  acoustics 

Stock  assessment  for  management  of  the  krill  fishery,  understanding  the  role  of  krill  in 
the  Southern  Ocean  carbon  cycle,  and  quantification  of  the  interactions  of  the  krill  with 
its  predators,  all  require  an  ability  to  measure  accurately  the  distribution  of  krill 
abundance.  Estimation  of  krill  abundance,  however,  is  made  difficult  by  the  extreme 
spatial  patchiness  typical  of  the  species,  its  enormous  potential  range  (the  area  of  the 
Southern  Ocean  is  36  x  10^  km^),  and  limited  access  to  much  of  this  range  because  of 
sea-ice  (Everson,  2000b).  Early  estimates  of  krill  abundance  were  derived  from  broad 
extrapolations  of  sparse  measurements  of  krill  density  made  with  nets,  or  indirectly  from 
calculations  of  the  potential  abundance  of  krill  that  could  be  supported  based  on 
measured  levels  of  primary  production  (e.g.,  Gulland,  1970).  These  estimates  were 
generally  high  and  showed  little  consistency  between  studies.  A  turning  point  was 
reached  in  the  late  1970s,  when  the  Biological  Investigations  of  Marine  Antarctic 
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Systems  and  Stocks  (BIOMASS)  research  initiative  focused  attention  on  the  use  of 
hydroacoustics  to  quantify  krill  abundance  (Everson  and  Miller,  1994). 

High-frequency  acoustic  sensors  are  ideally  suited  to  the  study  of  zooplankton 
distribution  and  patchiness,  due  to  their  fast  sampling  rates  and  concomitant  ability  to 
survey  a  large  fraction  of  the  water  column  at  high  resolution  over  large  areas  (Foote  and 
Stanton,  2000).  Acoustic  techniques  are  particularly  powerful  when  applied  in 
conjunction  with  independent  measurements  of  the  physical  and  biotic  environment  (e.g., 
hydrographic  casts,  net  and  video  samples).  In  the  Antarctic,  acoustic  sensors  are  now 
used  routinely  in  ecological  studies  of  krill,  as  well  as  in  the  stock  assessment  surveys 
employed  in  managing  the  krill  fishery  (see  review  by  Hewitt  and  Demer,  2000). 

Acoustic  techniques  rely  on  the  fact  that  many  marine  organisms  scatter  sound  in  a 
predictable  manner.  Measurements  of  the  intensity  of  echoes  returned  from  sonic  pulses 
emitted  into  the  water  column  therefore  can  be  used  to  make  estimates  of  more 
biologically-meaningful  quantities  such  as  animal  abundance  and  size.  This  process  of 
inferring  the  abundance  and  distribution  of  zooplankton  in  a  quantitative  sense  from 
acoustic  measurements,  however,  is  not  straightforward  (Stanton  et  aL,  1994;  Wiebe  et 
a/.,  1996).  Scattering  in  the  water  column  can  result  from  both  physical  oceanic  processes 
(e.g.,  microstructure;  Warren  et  aL,  2003)  and  the  biota,  where  scattering  from  the  latter 
is  a  complex  function  of  the  taxonomic  composition  of  animals  present,  and  the 
associated  variability  in  their  size,  shape,  physical  properties,  and  behavior.  Accurate 
inference  of  organismal  parameters  such  as  abundance  from  acoustic  measurements  thus 
requires  a  comprehensive  understanding  of  the  scattering  processes  involved. 

In  the  Antarctic,  substantial  progress  has  been  made  in  discriminating  Antarctic  krill  from 
other  acoustic  scatterers  that  may  be  present  (reviewed  in  Watkins  and  Brierley,  2002). 
Historically,  however,  many  Southern  Ocean  acoustic  studies  have  simply  assumed  that 
all  acoustic  measurements  above  some  minimum  threshold  level  stemmed  solely  from 
krill  (e.g.,  Macaulay  et  aL,  1984;  Lascara  et  ai  1999),  thereby  discarding  potential 
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information  on  the  abundance  and  distribution  of  other  zooplankton,  and  possibly 
resulting  in  an  overestimation  of  krill  abundance.  Discrepancies  also  exist  in  the 
predictions  of  the  scattering  by  individual  krill  (i.e.,  target  strength)  from  the  semi- 
empirical  model  developed  by  Greene  et  al.{\99\)  that  is  in  common  use  for  krill 
surveys  and  theoretical  models  based  on  scattering  physics  (e.g.,  Stanton  et  al.,  1993, 
1998;  McGehee  et  ai,  1998).  Target  strength  is  a  critical  quantity  in  making  abundance 
estimates  from  acoustic  data,  and  the  Greene  et  al.  (1991)  model  marked  a  substantial 
improvement  over  earlier  target  strength  models  developed  during  the  BJOMASS 
program  (see  review  in  Miller  and  Hampton,  1989),  but  these  discrepancies  have  yet  to 
be  fully  reconciled.  Furthermore,  developments  made  in  zooplankton  acoustics  elsewhere 
involving  the  use  of  multi-frequency  acoustic  data  to  estimate  simultaneously  the 
abundance  and  size  of  animals  (e.g.,  Warren  et  al.,  2003)  have  as  yet  not  been  applied  in 
the  Southern  Ocean  beyond  individual  test-case  krill  aggregations.  Thus  while  the  field  of 
Antarctic  krill  acoustics  has  achieved  a  reasonable  level  of  sophistication,  there  still  exist 
opportunities  for  improvement. 

It  is  important  to  note  that  even  the  advanced  acoustic  methodologies  developed  and 
employed  in  the  present  work  are  unable  to  distinguish  at  the  specific  level  between  the 
various  species  of  aggregating  euphausiids  that  may  be  present  in  the  region  (notably 
Euphausia  superba  and  E.  crystallophohas,  and  possibly  Thysanoessa  macrura);  below 
these  species  therefore  will  be  referred  to  collectively  as  ‘krill.’  The  consequences  of  this 
inability  are  explored  later  in  relation  to  the  ecological  conclusions  made  in  each  thesis 
chapter. 


1.3  OBJECTIVES  AND  THESIS  STRUCTURE 

In  this  thesis,  I  examine  the  physical  and  biological  forces  that  drive  the  distribution  and 
patchiness  of  zooplankton  in  an  antarctic  continental  shelf  region.  Both  the  broad-scale 
distribution  of  animals  across  the  continental  shelf  and  the  scale  of  individual  krill 
aggregations  are  considered.  This  is  achieved  by  the  application  of  a  suite  of  sensors, 
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including  multi-frequency  acoustic,  video,  and  net  sampling  systems,  of  v/hich  acoustic 
instruments  provide  the  majority  of  the  data  considered.  As  such,  an  important 
component  of  the  research  involves  the  development  and  verification  of  methods  for 
extracting  estimates  of  ecologically-meaningful  quantities  such  as  animal  abundance 
from  measurements  of  scattered  sound.  The  study  area  is  that  selected  by  the  Southern 
Ocean  GLOBEC  program,  the  continental  shelf  region  in  and  around  Marguerite  Bay, 
west  of  the  Antarctic  Peninsula,  and  the  survey  period  the  falls  and  winters  of  2001  and 
2002. 

The  thesis  research  is  divided  into  four  inter-related  components,  each  of  which  has  been 
prepared  as  a  stand-alone  document  intended  for  publication  as  a  refereed  journal  article, 
and  each  of  which  is  presented  here  as  a  thesis  chapter.  Consequently,  there  is  some 
redundancy  in  the  various  chapters,  most  notably  in  their  respective  introductions. 
Chapters  2  and  3  repeat  mostly  verbatim  the  material  of  Lawson  et  al.  (2004)  and  Lawson 
et  al.  (2006),  respectively;  the  changes  made  here  to  the  text  of  those  publications  were 
done  in  an  effort  to  keep  the  language  consistent  with  the  rest  of  the  thesis. 

Chapter  2  takes  an  overview-approach  to  the  question  of  the  distribution  cf  zooplankton 
and  micronekton  in  the  study  region.  Spatial  and  temporal  patterns  in  the  distribution  of 
acoustic  volume  backscattering  strength  at  a  single  frequency  during  the  fall  and  winter 
of  2001  are  examined,  as  a  coarse  index  of  the  overall  biomass  of  zooplankton  and 
micronekton.  These  patterns  are  considered  in  light  of  hydrographic  features  of  the 
region.  Calculations  are  then  made  of  the  likely  taxonomic  composition  of  animals 
responsible  for  the  observed  levels  of  volume  backscattering,  based  on  nei;  catches  and 
models  of  how  individual  animals  scatter  sound.  This  exercise  demonstrates  that 
euphausiids  were  the  dominant  scatterer  at  only  very  particular  locations  and  depths, 
emphasizing  the  need  for  caution  when  seeking  to  study  euphausiids  separately  from 
other  zooplankton  using  acoustic  data. 
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Motivated  by  discrepancies  that  emerged  during  the  analyses  of  Chapter  2  between 
theoretical  and  empirical  approaches  to  understanding  acoustic  scattering  by  Antarctic 
krill,  Chapter  3  seeks  to  improve  parameterization  of  a  theoretical  scattering  model  on  the 
basis  of  direct  measurement  of  all  necessary  model  parameters  for  animals  sampled  in  the 
study  region  and  survey  period.  This  novel  parameterization  is  then  verified  on  the  basis 
of  comparisons  of  model  predictions  to  in  situ  observations  of  krill  target  strength  (i.e., 
the  level  of  scattering  from  one  animal).  This  chapter  thus  establishes  a  validated  krill 
target  strength  model  for  the  acoustic  analyses  of  krill  distribution  that  follow  in  later 
thesis  chapters. 

Chapter  4  builds  on  the  analyses  of  Chapter  2  by  focusing  in  particular  on  the  distribution 
of  krill  in  the  study  region,  and  expanding  to  a  consideration  of  both  survey  years.  Given 
its  broad-scale  survey  coverage  and  high  resolution,  this  is  again  done  on  the  basis  of  the 
acoustic  dataset,  although  unlike  Chapter  2,  the  full  multi-frequency  dataset  is  employed. 
The  first  component  of  the  chapter  involves  the  development  of  methods  that  capitalize 
on  differences  predicted  by  the  model  of  Chapter  3  between  the  scattering  of  krill  versus 
that  of  other  taxa  and  in  the  scattering  of  krill  of  different  sizes,  in  order  to  identify  krill 
aggregations  in  the  acoustic  data,  and  then  estimate  the  length,  abundance,  and  biomass 
of  constituent  members.  These  methods  are  verified  through  comparisons  to  independent 
net  and  video  samples.  In  the  second  component  of  the  chapter,  these  methods  are  applied 
to  the  full  multi-frequency  dataset  collected  during  all  four  broad-scale  surveys  of  the 
study  region.  The  resultant  descriptions  of  the  temporal  (seasonal  and  inter-annual)  and 
spatial  (vertical  and  horizontal)  variability  in  distribution  of  krill  along-track  biomass  are 
then  considered  in  relation  to  aspects  of  the  physical  and  biological  environment. 

Chapter  5  complements  the  examination  of  the  distribution  of  krill  aggregation  biomass 
conducted  in  Chapter  4  by  focusing  on  the  characteristics  of  individual  acoustically- 
identified  krill  aggregations,  in  order  to  make  inferences  concerning  the  behaviors  and 
forces  underling  krill  aggregation  and  diel  vertical  migration.  The  morphology,  internal 
structure,  and  vertical  position  of  aggregations  are  considered  in  relation  to  a  variety  of 
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properties  of  the  physical  and  biological  environment,  including  time  of  day,  food 
availability,  currents,  and  the  occurrence  of  predators.  In  addition,  aggregation 
characteristics  are  studied  relative  to  the  acoustically-estimated  mean  length  of 
constituent  members  in  order  to  identify  size-  or  age-related  changes  in  aggregative 
behavior.  Certain  large  aggregations  are  also  selected  for  more  detailed  examination  of 
intra-aggregation  variability  in  krill  length  and  density. 

Chapter  6  then  provides  a  summary  of  the  major  findings  of  the  research  and  their 
broader  significance.  In  particular,  the  implications  of  the  present  work  to  the  field  of 
zooplankton  acoustics  and  to  current  understanding  of  the  interactions  between  krill  and 
higher  predators,  including  whales,  seals,  and  birds,  are  considered. 
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Chapter  2 


Acoustically-Inferred  Zooplankton 
Distribution  in  Relation  to  Hydrography 
West  of  the  Antarctic  Peninsula 


ABSTRACT 

The  relationship  between  the  distribution  of  zooplankton,  especially  euphausiids 
(Euphausia  and  Thysanoessa  spp.),  and  hydrographic  regimes  of  the  Western  Antarctic 
Peninsula  continental  shelf  in  and  around  Marguerite  Bay  was  studied  as  part  of  the 
Southern  Ocean  GLOBEC  program.  Surveys  were  conducted  from  the  RVIB  N.B. 

Palmer  in  austral  fall  (April-June)  and  winter  (July-August)  of  2001.  Acoustic,  video, 
and  environmental  data  were  collected  along  13  transect  lines  running  across  the  shelf 
and  perpendicular  to  the  Western  Antarctic  Peninsula  coastline,  between  65  and  70 °S. 
Depth-stratified  net  tows  conducted  at  selected  locations  provided  ground-truthing  for 
acoustic  observations.  In  fall,  acoustic  volume  backscattering  strength  at  120  kHz  was 
greatest  in  the  southern  reaches  of  the  survey  area  and  inside  Marguerite  Bay,  suggestive 
of  high  zooplankton  and  micronekton  biomass  in  these  regions.  Vertically,  highest 
volume  backscattering  was  in  the  depth  range  from  150  to  450  m,  associated  with 
modified  Circumpolar  Deep  Water  (CDW).  The  two  deep  troughs  that  intersect  the  shelf 
break  were  characterized  by  reduced  volume  backscattering,  similar  to  levels  observed 
off-shelf  and  indicative  of  lower  zooplankton  biomass  in  recent  intrusions  of  CDW  onto 
the  continental  shelf  Estimates  of  dynamic  height  suggested  that  geostrophic  circulation 
likely  caused  both  along-  and  across-shelf  transport  of  zooplankton.  By  winter,  scattering 
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had  decreased  by  an  order  of  magnitude  (10  dB)  in  the  upper  300  m  of  the  water  column 
in  most  areas,  and  high  volume  backscattering  was  found  primarily  in  a  deep  (>  300  m) 
scattering  layer  present  close  to  the  bottom.  The  seasonal  decrease  is  potentially 
explained  by  advection  of  zooplankton,  vertical  and  horizontal  movements,  and 
mortality.  Predictions  of  expected  volume  backscattering  strength  based  on  net  samples 
suggested  that  large  euphausiids  were  the  dominant  scatterer  only  at  very  particular 
locations  and  depths,  and  that  copepods,  siphonophores,  and  pteropods  were  more 
important  in  many  locations. 


2.1  INTRODUCTION 

Zooplankton  play  a  pivotal  role  in  the  antarctic  continental  shelf  ecosystem,  providing 
both  a  trophodynamic  link  between  phytoplankton  and  higher  predators,  and,  via  their 
fecal  pellets,  a  mechanism  by  which  newly  fixed  carbon  can  be  exported  from  the 
euphotic  zone  (Priddle  et  al.,  1992).  Historically,  much  attention  has  focused  on  Antarctic 
krill  {Euphausia  superbd)  due  to  its  status  as  a  key  prey  item  for  many  whales,  birds, 
seals,  and  fishes  (Laws,  1985)  and  as  the  subject  of  a  commercial  fishery  (Ichii,  2000). 
Although  less  studied,  other  zooplankton  also  represent  important  ecosystem  members: 
copepods,  for  example,  frequently  exceed  Antarctic  krill  in  abundance  and  are  the  main 
prey  of  invertebrates,  sei  whales,  and  fish  (Voronina,  1998),  while  salps  may  account  for 
more  carbon  export  to  depth  than  Antarctic  krill  (Le  Fevre  et  al.^  1998). 

High-frequency  acoustic  sensors  are  often  used  in  the  study  of  zooplankton  distribution, 
due  to  their  high  sampling  rates  and  concomitant  ability  to  survey  the  entire  water  column 
over  large  areas  (Foote  and  Stanton,  2000).  In  the  Antarctic,  acoustic  techniques  are  used 
routinely  to  survey  the  biomass  and  distribution  of  Antarctic  krill  (see  review  by  Hewitt 
and  Demer,  2000),  but  have  been  used  much  less  frequently  to  study  other  zooplankton 
taxa  (Weeks  et  al.  1995;  Brierley  et  ai,  1998).  Substantial  progress  has  been  made  in 
discriminating  Antarctic  krill  from  other  acoustic  scatterers  that  may  be  present 
(Madureira  et  al,  1993;  Brierley  et  al,  1998;  Watkins  and  Brierley,  2002;  Hewitt  et  al, 
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2003).  Historically,  however,  many  Southern  Ocean  acoustic  studies  have  simply 
assumed  that  all  volume  backscattering  strength  measurements  above  some  minimum 
threshold  stemmed  from  Antarctic  krill  (e.g.,  Macaulay  ei  ai,  1984;  Lascara  et  al.  1999; 
Nicol  et  ai,  2000).  The  contribution  to  acoustic  observations  from  other  zooplankton  taxa 
often  has  been  assumed  to  be  negligible,  which  discards  potential  information  on  the 
biomass  and  distribution  of  such  taxa,  and  may  result  in  an  overestimation  of  Antarctic 
krill  abundance. 

The  continental  shelf  region  in  and  around  Marguerite  Bay,  west  of  the  Antarctic 
Peninsula  (Figure  2.1),  is  hypothesized  to  be  an  important  over-wintering  ground  for 
Antarctic  krill,  and  may  act  as  a  source  for  the  down-stream  krill  populations  in  the 
Bransfield  Strait  and  at  South  Georgia  (Atkinson  et  al.,  2001;  Fach  et  ai,  2002).  Little  is 
known  about  the  distribution  of  Antarctic  krill  or  other  zooplankton  in  this  area  during 
winter,  however,  although  studies  of  the  nearby  Bransfield  Strait  region  have  been  more 
numerous  (e.g.,  Siegel  1989;  Zhou  et  ai,  1994).  In  the  only  previous  acoustic  survey  of 
the  region,  Lascara  et  al.  (1999)  examined  Antarctic  krill  distribution  in  Marguerite  Bay 
and  the  region  immediately  to  the  north,  and  found  distinct  seasonal  variability  in 
biomass  and  vertical  distribution,  with  krill  more  abundant  and  found  shallower  during 
the  summer  and  spring  than  fall  and  winter.  The  acoustic  system  employed  reached  to 
only  1 89  m  in  depth,  and  so  this  study  was  unable  to  conclude  whether  the  seasonal 
decrease  in  biomass  resulted  from  vertical  or  horizontal  movements.  Given  the  dearth  of 
previous  studies,  the  U.S.  Southern  Ocean  GLOBal  ECosystems  Dynamics  (SO 
GLOBEC)  program  has  targeted  austral  fall  and  winter  as  periods  for  detailed  study  of 
the  Marguerite  Bay  region  (Hofmann  et  al.,  2002).  The  program’s  primary  objective  is  to 
understand  the  physical  and  biological  factors  that  contribute  to  Antarctic  krill  over¬ 
wintering  success.  As  such,  one  goal  of  the  program  is  to  link  physical  processes  with  the 
distribution  of  Antarctic  krill  and  other  members  of  the  zooplankton  community,  and 
ultimately  with  higher  predators. 
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Figure  2.1  -  U.S.  SO  GLOBEC  survey  area.  Shown  are  (A)  the  overall  geographical 
context  of  the  survey  area,  (B)  the  location  of  survey  blocks,  and  the  cruise  tracks  in  (C) 
fall  and  (D)  winter  of  2001.  The  latter  show  only  those  portions  of  the  overall  cruise-track 
where  acoustic  data  were  collected.  Note  the  lower  survey  coverage  in  winter  relative  to 
fall.  Block  name  abbreviations  are:  Northern  Outer-Shelf  (NOS),  Northern  Inner-Shelf 
(NIS),  Central  Outer-Shelf  (COS),  Central  Inner-Shelf  (CIS),  Southern  Outer-Shelf 
(SOS),  Southern  Inner-Shelf  (SIS),  Off-Shelf  (OFF),  and  Marguerite  Bay  (MBY).  Circles 
indicate  where  the  MOCNESS  tows  analyzed  here  were  conducted,  with  tow  locations 
abbreviated  as  mid-shelf  1-4  (MS  1-4),  off-shelf  (OS),  and  Marguerite  Bay  (MBY).  Gray 
arrows  show  where  the  deep  troughs  that  run  diagonally  across  the  continental  shelf  meet 
the  shelf  break. 
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In  this  paper,  we  describe  measurements  of  acoustic  volume  backscattering  strength  made 
over  most  or  all  of  the  water  column  during  austral  fall  and  winter  of  2001,  in  relation  to 
hydrography  in  the  vicinity  of  Marguerite  Bay.  We  then  use  depth-stratified  net  samples 
and  taxon-specific  models  of  acoustic  target  strength  to  predict  the  likely  sources  of 
scattering,  with  particular  emphasis  on  understanding  the  contribution  of  zooplankton 
taxa  other  than  Antarctic  krill.  On  the  basis  of  these  measurements  and  predictions,  we 
make  certain  inferences  concerning  seasonal  and  spatial  variability  in  zooplankton  and 
micronekton  biomass  in  the  region. 


2.2  METHODS 

2.2.1  Study  area 

The  U.S.  SO  GLOBEC  Program  study  site  was  located  on  the  continental  shelf  to  the 
west  of  the  Western  Antarctic  Peninsula,  extending  from  the  northern  tip  of  Adelaide 
Island  to  the  southern  portion  of  Alexander  Island  and  including  Marguerite  Bay  (Figure 
2.1).  Two  cruises  were  conducted  in  the  area  on  the  RVIB  Nathaniel  B.  Palmer,  a  cruise 
during  austral  fall  from  April  23  to  June  6,  2001  (cruise  number  NBPO 103),  and  a  cruise 
during  winter  from  July  2 1  to  September  6,  200 1  (cruise  number  NBPO  1 04).  The  cruise 
track  in  fall  was  determined  by  the  position  of  84  station  locations  distributed  along  13 
transect  lines  spaced  40  km  apart  and  running  across  the  continental  shelf  and 
perpendicular  to  the  Peninsula  coastline.  On  the  winter  cruise,  eight  additional  stations 
were  added  to  the  survey  grid  and  the  entire  grid  was  shifted  south  by  two  kilometers  so 
that  acoustic  mapping  of  the  sea  floor  would  take  place  over  unmapped  sea  floor.  In  order 
to  allow  spatial  comparisons  across  the  region,  the  overall  study  area  was  subdivided  into 
eight  functional  blocks  (Figure  2.1b).  The  survey  region  first  was  subdivided  from 
northeast  to  southwest  into  three  sectors  (southern,  central,  and  northern),  each  of  which 
was  divided  into  inner-shelf  (i.e.,  coastal)  and  outer-shelf  blocks.  An  off-shelf  block  was 
defined  as  the  region  beyond  the  1000  m  isobath,  and  a  final  block  corresponded  to  the 
interior  of  Marguerite  Bay. 
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2.2.2  BIOMAPER-II 


The  Blo-Optical  Multi-frequency  Acoustical  and  Physical  Environmental  Recorder,  or 
BIOMAPER-Il,  is  a  towed  system  designed  to  conduct  quantitative  surveys  of  the  spatial 
distribution  of  plankton  and  nekton  (Wiebe  et  ai,  2002).  The  system  consists  of  a  multi¬ 
frequency  echosounder,  a  Video  Plankton  Recorder  (VPR,  Davis  et  aL,  1992),  and  an 
environmental  sensor  package  (Conductivity,  Temperature,  and  Depth  sensor  (CTD); 
fluorometer;  transmissometer).  To  enhance  the  performance  of  the  BIOMAPER-H  in 
high  sea  states,  a  slack  tensioner  was  used  to  damp  the  motion  of  the  ship  (see  Wiebe  et 
a!.,  2002  for  additional  details). 


2. 2. 2. a  Acoustic  definitions 

Volume  scattering  strength,  or^v  (where  101ogio(*?v)  in  units  of  decibels  relative  to  1 
m  ’,  and  .^v  is  the  observed  volume  scattering  coefficient),  is  a  measure  of  the  intensity  of 
emitted  sound  that  is  scattered  towards  the  acoustic  receiver  per  cubic  meter.  When  the 
source  and  receiver  are  co-located,  the  direction  of  scattering  is  back  towards  the  source, 
and  this  quantity  is  commonly  referred  to  as  the  volume  backscattering  strength.  Under 
the  assumption  made  in  zooplankton  acoustics  that  scattering  from  individual  targets  in 
the  ensonified  volume  sums  incoherently,  the  volume  backscattering  strength  is  equal  to 
the  sum  of  the  scattering  contributions  from  each  target,  normalized  by  the  sample 
volume.  For  simplicity,  this  quantity  of  measured  backscattered  sound  per  unit  volume 
will  be  referred  to  as  'volume  backscattering’  and  we  will  distinguish  between  the 
arithmetic  and  logarithmic  forms  of ‘volume  backscattering  coefficient’  and  ‘volume 
backscattering  strength’  only  when  necessary. 

Volume  backscattering  is  related  to  both  the  number  and  size  of  scatterers  in  the  path  of 
the  incident  sound,  to  the  efficiency  with  which  these  objects  scatter  sound,  and  thereby 
to  their  taxonomic  composition.  Although  the  relationship  between  volume 
backscattering  and  the  biomass  of  scatterers  is  thus  highly  complex,  we  assume  that  the 
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large  spatial  and  temporal  differences  in  volume  backscattering  observed  in  the  present 
study  are  related  to  differences  in  zooplankton  and  micronekton  biomass.  In  the 
discussion  we  show  how  the  confounding  influences  of  animal  size,  sound  scattering 
efficiency,  and  taxonomic  composition,  are  minimized  in  this  study. 


2.2.2.b  Acoustic  data  collection 

The  BIOMAPER-11  collected  acoustic  data  from  five  pairs  of  transducers,  with 
frequencies  of  43,  120,  200,  420,  and  1000  kHz.  All  transducers  had  3°  half-power 
beamwidths,  with  the  exception  of  the  43  kHz  transducers,  which  had  beamwidths  of  7°. 
One  of  each  pair  of  transducers  was  mounted  on  the  top  of  the  tow-body  looking  upward, 
while  the  other  was  mounted  on  the  bottom  looking  downward.  This  arrangement 
allowed  acoustic  data  to  be  collected  over  most  or  all  of  the  water  column  as  the 
instrument  was  ‘towyoed’  obliquely  up  and  down  through  the  water  column  between 
depths  of  20  and  300  m.  The  vessel  proceeded  along  the  track-line  between  stations  at 
speeds  of  4  to  6  knots,  and  surveying  was  conducted  around  the  clock. 

Multi-frequency  acoustic  data  were  collected  over  much  of  both  surveys,  although 
prohibitively  thick  pack  ice  in  portions  of  the  survey  area  led  to  the  area  surveyed  in 
winter  being  less  than  in  fall  (Figure  2.1c,d).  Due  to  episodic  malfunctions  at  the  different 
acoustic  frequencies,  120  kHz  represents  the  frequency  at  which  data  were  collected  with 
the  greatest  spatial  coverage.  In  order  to  allow  examinations  of  the  seasonal  distribution 
of  zooplankton  over  the  broadest  scales  possible  and  best  complement  the  scales  at  which 
data  were  collected  by  other  projects  conducted  during  the  cruises  (e.g.,  top  predator 
surveys),  this  paper  deals  only  with  acoustic  data  collected  at  120  kHz.  Analyses  of  the 
multi-frequency  data  will  be  the  subject  of  future  work. 

Measurements  of  volume  backscattering  at  120  kHz  were  collected  in  intervals  of  1.5  m 
in  vertical  extent,  starting  at  6  m  from  the  transducer  face  (the  end  of  the  acoustic  near- 
field)  and  extending  to  a  maximum  range  of  300  m  from  the  instrument.  A  10  kHz 
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bandwidth  chirp  pulse  was  used  (Ehrenberg  and  Torkelson,  2000),  with  an  effective  pulse 
duration  of  0. 1 8  ms,  and  a  ping  rate  of  0.3  pings  s"' .  The  system’s  dynamic  range  allowed 
these  data  to  be  collected  between  -100  and  -40  dB.  Profiles  of  noise  levels  (ship’s  noise, 
ambient  noise,  and  system  noise  combined)  vs.  depth  were  made  in  situ  near  the  start  of 
each  cruise.  Volume  backscattering  measurements  for  each  ping  were  compared  to  these 
profiles,  and  those  bins  where  measured  volume  backscattering  did  not  exceed  noise 
levels  were  set  to  zero.  Each  measurement  was  the  result  of  echo-integration  performed 
over  a  4-ping  interval  (i.e.,  ~35  m  along-track). 

All  transducers  were  calibrated  by  the  manufacturer  (Hydroacoustic  Technologies  Inc., 
Seattle,  WA,  USA)  prior  to  each  cruise  for  source  level,  receive  sensitivity,  as  well  as 
transmit  and  receive  beam  patterns.  An  in  situ  calibration  also  was  performed  at  the  end 
of  the  winter  cruise  with  a  38  mm  tungsten  carbide  (6%  cobalt)  standard  target,  following 
established  practices  (Foote  et  ai,  1987).  After  volume  backscattering  data  were 
normalized  by  the  results  of  these  calibrations,  there  was  evidence  of  higher  volume 
backscattering  levels  observed  by  the  up-looking  120  kHz  transducer  relative  to  the 
down-looking  transducer  in  some  portions  of  the  water  column  (Figure  2.2).  This 
discrepancy  was  particularly  evident  in  low-scattering  areas  such  as  the  northern  portion 
of  the  survey  area  in  fall,  and  much  of  the  continental  shelf  during  winter;  in  high- 
scattering  areas  like  Marguerite  Bay,  no  such  difference  was  evident.  Furthermore,  the 
enhanced  volume  backscattering  in  the  up-looking  data  was  restricted  to  the  pycnocline 
and  was  especially  prominent  in  regions  of  rapid  vertical  changes  in  density.  We  believe 
that  these  enhancements  do  not  represent  scattering  from  biological  sources,  but  rather 
represent  an  as-yet  unexplained  artifact.  They  may  result  from  sound  scattering  off 
vortices  shed  by  the  tow  cable  as  it  passes  through  the  pycnocline.  Since  the  tow  cable 
extends  above  the  towed  body,  only  the  up-looking  transducer  would  observe  such 
artifactual  scattering.  It  therefore  was  excluded  from  all  quantitative  analyses, 
representing  a  7%  reduction  in  data  (varying  from  0  to  24%  on  a  by-transect  basis), 
primarily  between  depths  of  0  and  200  m. 
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Figure  2.2  -  Acoustic  data  collected  in  (A)  fall  and  (B)  winter  of  2001 .  Volume 
backscattering  strength  is  plotted  on  the  color  scale  in  decibels,  according  to  the  depth 
and  position  of  measurement.  Blue  indicates  low  levels  of  zooplankton  volume 
backscattering,  while  red  to  black  indicate  high  levels.  High  volume  backscattering  near 
the  surface  corresponds  to  the  surface  bubble  layer.  Strong  (i.e.,  black)  returns  at  depth 
are  from  the  strongly  scattering  bottom.  Both  the  bottom  and  surface  layer  were  edited 
out  for  quantitative  analyses.  The  V-shape  of  the  maximum  depth  of  observation  is  due  to 
the  BIOMAPER-II  being  towyoed  up  and  down  through  the  water  column  as  the  vessel 
proceeded  along-track.  Arrows  indicate  typical  regions  of  the  pycnocline  where  enhanced 
volume  backscattering  measured  by  the  up-looking  transducer  (i.e.,  in  the  upper  portion 
of  the  towyo’s  V)  was  believed  to  represent  an  artifact  rather  than  scattering  from 
biological  sources. 


31 


figure  2.2 


continued 
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2.2.2.C  Acoustic  data  post-processing 

Acoustic  data  from  the  up-  and  down-looking  transducers  were  combined  to  provide  a 
vertically-continuous  acoustic  record  extending  from  the  surface  to  a  depth  of  at  least  300 
m,  and  at  most  550  m,  depending  on  the  position  of  the  BIOMAPER-II  along  its  towyo 
path.  This  acoustic  record  then  was  edited  using  custom  MATLAB-based  routines  to 
remove  unwanted  returns  from  the  surface  bubble  layer  and  the  bottom,  as  well  as  noise 
spikes  from  the  ship’s  engines  or  ice-breaking. 

For  many  of  the  following  spatial  analyses,  measurements  of  volume  backscattering  in 
each  1.5-m  depth  bin  were  averaged  over  1-km  along-track  intervals  and  also  over  depth, 
in  intervals  of  25  to  100  m  (shallow  layer),  100  to  300  m  (mid-water  layer),  and  300  to 
500  m  (deep  layer).  These  depth  ranges  were  chosen  since  the  surface  bubble  layer 
obscured  most  measurements  shallower  than  a  depth  of  25  m,  the  mixed  layer  depth  was 
generally  around  100  m,  and  300  m  represents  the  depth  to  which  the  BIOMAPER-Il 
always  made  acoustic  observations  despite  being  towyoed  up  and  down  through  the  water 
column.  These  averages,  as  well  as  all  other  simple  descriptive  statistics,  were  performed 
on  the  arithmetic  quantity  of  the  volume  backscattering  coefficient  (Sy).  The  arithmetic 
form  also  was  used  in  between-block  statistical  comparisons,  since  the  tests  employed 
were  rank-based  (see  below)  and  so  insensitive  to  whether  the  data  were  transformed  or 
not.  The  logarithmic  quantity  of  the  volume  backscattering  strength  (Sy)  was  used  in 
regression  analyses,  since  this  test  is  parametric  and  the  log-transformed  data  better 
approximated  a  normal  distribution.  The  decibel  form  is  also  used  in  figures  and  in  the 
text. 


2.2.3  Environmental  analyses 

Acoustic  data  were  combined  with  environmental  data  to  examine  the  association  of 
volume  backscattering  with  environmental  properties  and  water  masses.  Depth, 
temperature,  conductivity,  fluorescence,  and  transmissometry  data  were  collected  by  the 


33 


BlOMAPER-11  along  its  towyo  path  at  4-second  intervals.  In  order  to  provide  details  of 
the  environmental  structure  at  greater  depths  than  sampled  by  the  towed  body,  however, 
data  from  CTD  casts  made  at  the  survey  stations  by  Klinck  et  al.  (2004)  were  used  as  the 
primary  source  for  quantitative  analyses.  The  CTD  rosette  package  made  measurements 
of  salinity,  fluorescence,  transmittance,  photosynthetically  active  radiation  (PAR), 
potential  temperature,  and  oxygen  concentration  at  1-m  depth  intervals  from  the  surface 
to  between  5  and  20  m  off  the  bottom.  In  analyses  of  volume  backscattering  in  relation  to 
environmental  conditions,  each  environmental  measurement  was  associated  with  the 
acoustic  measurement  averaged  in  1-km  intervals  made  nearest  to  that  depth  and  location. 


2.2.4  MOCNESS 

'j 

A  1-m  Multiple  Opening/Closing  Net  and  Environmental  Sensing  System  (MOCNESS; 
Wiebe  et  al.,  1985)  was  used  to  sample  the  zooplankton  at  selected  stations  distributed 
throughout  the  survey  grid  (24  locations  in  fall  and  17  in  winter).  The  MOCNESS  was 
equipped  with  nine  335  qm  mesh  nets,  a  suite  of  environmental  sensors  including 
temperature,  conductivity,  fluorescence,  and  light  transmission,  and  a  strong  strobe  light, 
that  flashed  at  4-second  intervals.  The  rationale  behind  the  strobe  system  was  to  shock  or 
blind  the  animals  temporarily  so  that  the  net  would  not  be  perceived  and  avoided,  and 
catches  of  large  euphausiids  were  significantly  enhanced  when  using  the  strobe  (Sameoto 
et  al.,  1993;  Wiebe  et  aL,  2004).  The  MOCNESS  was  towed  obliquely  from  near-bottom 
to  the  surface,  sampling  eight  depth  intervals  on  the  up-cast.  The  deepest  tows  sampled  to 
a  depth  of  1000  m.  Typically,  the  upper  100  m  was  sampled  in  25-m  intervals,  with  50-m 
intervals  at  intermediate  depth  ranges,  and  greater  intervals  (150-  or  200-m)  for  the 
deepest  depth  ranges  (see  Ashjian  et  al.,  2004,  for  additional  details).  The  depth-specific 
samples  were  preserved  upon  recovery  in  4%  buffered  formalin. 

The  size  distributions  of  plankton  for  six  MOCNESS  tows  from  each  of  the  two  cruises 
have  been  analyzed  to  date  (Ashjian  et  al.,  2004).  Following  the  nomenclature  of  Ashjian 
et  al.  (2004),  tow  locations  will  be  referred  to  as  off-shelf,  Marguerite  Bay,  and  mid-shelf 


34 


1  -  4  (Figure  2.1c,d).  Note  that  no  acoustic  data  were  collected  in  the  vicinity  of  the  mid¬ 
shelf  4  site  during  winter.  Lengths  of  individuals  of  each  sampled  taxon  were  determined 
for  an  aliquot  of  each  net  sample  using  the  silhouette  method  of  Davis  and  Wiebe  (1985). 

2.2.5  Taxonomic  composition  of  zooplankton  and  micronekton 

The  ultimate  goal  of  our  research  is  to  use  VPR  observations  and  taxon-specific 
differences  in  scattering  at  increasing  frequencies,  in  addition  to  net  catches,  to  partition 
accurately  our  measurements  of  volume  backscattering  among  taxonomic  groups,  and 
then  to  make  biomass  estimates  for  each  taxon.  Here,  we  make  preliminary  inferences 
concerning  the  sources  of  acoustic  volume  backscattering  measurements  by  conducting 
the  forward  problem:  an  exercise  where  predictions  are  made  of  expected  volume 
backscattering  strength  based  on  MOCNESS  catches  and  models  of  the  scattering  from 
individual  sampled  animals  (Wiebe  et  al,  1996).  By  comparing  these  predictions  to 
observed  levels,  it  is  possible  to  assess  whether  the  animals  collected  by  the  nets  could 
account  for  measured  volume  backscattering.  Provided  that  this  assessment  is  favorable, 
inferences  can  then  be  made  about  the  likely  relative  contributions  of  different  taxa  to 
observed  volume  backscattering  in  the  vicinity  of  each  tow. 

In  addressing  the  forward  problem,  predicted  volume  backscattering  for  each  depth 
stratum  sampled  by  the  MOCNESS  was  calculated  as  the  linear  (i.e.,  incoherent)  sum  of 
expected  echo  intensities  from  each  captured  animal.  Expected  echo  intensities,  or 
backscattering  cross-sections  (abs),  were  estimated  based  on  the  length  of  each  individual 
determined  by  silhouette  analysis  and  models  of  acoustic  scattering  appropriate  to  the 
individual’s  taxonomic  group.  These  models  were  developed  by  Stanton  et  al.  (1994, 
1998),  are  reviewed  in  Stanton  and  Chu  (2000),  and  are  sensitive  to  numerous  parameters 
in  addition  to  animal  length,  including  animal  orientation  and  material  properties  (Chu  et 
al.,  2000a;  Table  2.1).  Discrete  values  were  used  for  all  parameters  other  than  animal 
orientation  (Table  2.1).  For  the  latter,  scattering  from  each  animal  was  averaged  over 
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Table  2.1  (facing)  -  Scattering  models  employed  in  forward  calculations  of  volume  backscattering  strength  expected  based  on  MOCNESS  catches. 
Asterisks  (*)  indicate  those  models  that  have  been  validated  through  comparisons  of  model  predictions  to  laboratory  measurements  of  scattering  from 
the  animal  of  interest;  elsewhere,  models  were  deemed  appropriate  on  the  basis  of  what  is  known  about  the  animal’s  physical  structure,  but  not  on 
experimental  verifications.  DWBA  denotes  the  Distorted  Wave  Bom  Approximation.  Each  model  involves  a  number  of  parameters,  describing  the 
animal’s  shape,  orientation,  and  acoustic  material  properties.  The  latter  include  the  ratio  of  the  animal’s  density  to  that  of  the  surrounding  water  (g)  and 
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for  carbon  monoxide  at  the  surface  (1  atmospheric  pressure). 

(14)  Measured  by  Chu  et  al.  (2000b)  for  Gulf  of  Maine  calanoid  copepods 

(15)  Sound  speed  contrast  for  carbon  monoxide  at  surface  pressure  of  1  atmosphere 
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some  distribution  of  orientations,  to  allow  for  the  fact  that  the  animals  are  oriented  at  a 
range  of  angles  as  they  move  through  the  water. 

The  calculations  of  the  net-based  forward  problem  involved  summing  estimates  of 
expected  backscattering  cross-sections  for  each  individual  over  all  individuals  in  each 
i‘^  taxon  and  then  over  all  taxa  to  yield  an  estimate  of  the  total  expected  volume 
backscattering  strength  in  the  volume  (F)  sampled  by  each  k'^  net: 


‘S’,,  -  10  log 


(2.1) 


Since  the  BIOMAPER-II  and  the  MOCNESS  could  not  be  towed  concurrently, 
comparisons  of  predicted  volume  backscattering  strength  could  not  be  made  to  observed 
levels  made  at  the  identical  time  and  location.  Comparisons  were  thus  made  to  acoustic 
observations  made  in  the  same  depth  interval  and  averaged  over  a  spatial  area  within  no 
more  than  17  km  of  each  of  the  1 1  MOCNESS  tows.  At  all  but  two  MOCNESS  tow 
locations,  acoustic  data  were  collected  within  no  more  than  five  hours  of  the  net  tow  as 
the  vessel  approached  or  departed  the  station.  At  the  mid-shelf  1  and  2  stations  in  winter, 
however,  MOCNESS  tows  and  acoustic  data  collection  were  separated  in  time  by 
approximately  four  weeks  due  to  problems  with  the  instruments  malfunctioning. 
Predictions  of  volume  backscattering  from  each  taxon  were  still  calculated  based  on  these 
tows,  in  order  to  shed  light  on  the  sensitivity  of  the  predicted  to  observed  volume 
backscattering  comparison  to  temporal  variation. 


2.3  RESULTS 

Volume  backscattering  during  fall  generally  was  enhanced  within  Marguerite  Bay  and  in 
the  southern  portion  of  the  survey  area  (Figure  2.2a).  Large  sub-surface  patches  of 
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intensified  volume  backscattering  that  stood  out  markedly  from  background  scattering 
levels  were  observed  primarily  in  coastal  regions  of  complex  bathymetry,  and  at  depth  in 
the  northern  portion  of  the  continental  shelf  The  term  ‘patch’  is  used  here  to  denote  a 
recognizable  feature  in  the  acoustic  record,  but  does  not  imply  any  particular  aggregative 
behaviour  on  the  part  of  the  zooplankton  or  micronekton  comprising  these  features. 
Smaller  such  patches  also  were  evident  within  the  mixed  layer  across  the  shelf  In  winter, 
the  most  striking  feature  was  a  dramatic  decrease  in  volume  backscattering  relative  to  fall 
levels  throughout  most  of  the  water  column  (Figure  2.2b);  volume  backscattering  in 
winter  was  high  only  within  Marguerite  Bay  and  in  the  bottom  scattering  layer,  which 
was  present  on  both  cruises. 


2.3.1  Environmental  setting 

The  continental  shelf  in  this  region  is  characterized  by  intrusions  of  oceanic  Circumpolar 
Deep  Water  (CDW;  salinity  (S)  34.6  to  34.74,  potential  temperature  (0)  1.0  to  2.0°C), 
pumped  up  onto  the  shelf  at  depth  by  the  action  of  the  Antarctic  Circumpolar  Current 
(see  Klinck  et  aL,  (2004)  and  Smith  et  al.  (1999)  for  further  water  mass  definitions  and 
descriptions  of  hydrography).  As  this  warm  and  salty  CDW  interacts  with  cooler  and 
fresher  shelf  waters,  it  forms  a  water  mass  that  has  been  referred  to  as  modified- 
Circumpolar  Deep  Water  (mCDW,  sensu  Hofmann  and  Klinck  (1998);  S  34.0  to  34.6,  0  - 
1.8  to  1.5°C).  Such  mCDW  was  the  primary  water  mass  observed  through  the  pycnocline 
and  below  in  the  study  area,  often  with  CDW  present  at  greater  depths  (Table  2.2). 

During  fall,  the  water  column  at  shallow  depths  contained  Antarctic  Surface  Water 
(AASW,  Table  2.2;  S  33.0  to  33.7,  0  -1.5  to  1.0°C).  In  winter,  AASW  was  mostly 
replaced  near  the  surface  in  all  blocks  by  Winter  Water  (WW;  S  33.8  to  34.1,  0  -1.8  to  - 
1 .5°C).  Water  properties  differed  between  regions.  The  mCDW  found  during  fall  in  the 
more  northern  blocks  farther  away  from  the  continent  (i.e.,  farther  ‘offshore’)  was 
generally  warmer  and  saltier  (less-modified)  than  elsewhere  in  the  study  area,  suggesting 


39 


Table  2.2  -  Between-block  comparisons  of  environmental  properties  and  mean  volume  backscattering.  Mean  potential  temperature  and  salinity  are 
shown,  with  standard  deviations  in  parentheses.  Mean,  median,  and  coefficient  of  variation  (CV)  were  all  calculated  on  the  basis  of  the  arithmetic 
quantity  of  the  volume  backscattering  coefficient,  averaged  over  1-km  spatial  intervals,  and  then  over  the  three  depth  layers.  Means  and  medians  are 
presented  in  decibel  form.  Comparisons  were  made  of  mean  day  (D)  and  night  (N)  volume  backscattering  levels  (dB).  In  some  cases,  no  data  (N.D.) 
were  collected  during  one  or  the  other  of  the  day/night  periods  in  a  given  block.  Asterisks  (*)  indicate  instances  where  day  volume  backscattering  within 
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more  recent  intrusions  of  CDW  onto  the  shelf.  The  more  coastal  regions  typically  had 
warmer  and  fresher  AASW  present  at  shallow  depths,  particularly  in  Marguerite  Bay. 


2.3.2  Vertical  distribution  of  volume  backscattering 

Seasonal  and  spatial  differences  were  observed  in  the  vertical  distribution  of  mean 
volume  backscattering  (Figure  2.3).  In  fall,  volume  backscattering  was  strongest  between 
depths  of  150  and  450  m  in  all  of  the  inner-shelf  and  southern  blocks.  Scattering  in  the 
northern  and  central  outer-shelf  blocks  was  more  constant  with  depth.  A  slight 
enhancement  in  volume  backscattering  was  observed  in  all  blocks  at  shallower  depths  (15 
to  95  m,  depending  on  block),  corresponding  to  the  influence  of  episodic  patches  of  high 
volume  backscattering  present  within  the  mixed  layer.  The  decrease  from  fall  to  winter 
was  also  evident  in  the  vertical  distribution  of  volume  backscattering.  Volume 
backscattering  throughout  the  upper  300  m  of  the  water  column  in  winter  was  very  low  in 
all  blocks  except  Marguerite  Bay  and  the  two  southern  blocks.  Below  300  m  depth, 
however,  volume  backscattering  generally  increased  rapidly,  and  in  all  but  one  block 
reached  levels  higher  than  those  observed  at  comparable  depths  during  fall.  This  increase 
at  depth  was  due  to  the  influence  of  the  deep  scattering  layer  associated  with  the  bottom, 
which  was  present  during  both  surveys,  but  more  intense  in  winter  (Figure  2.2). 


2.3.3  Horizontal  distribution  of  volume  backscattering 

The  horizontal  distribution  of  volume  backscattering  was  examined  via  comparisons 
between  geographically-defined  spatial  blocks  and  spatial  interpolations  of  volume 
backscattering  data  between  transect  lines  using  kriging  (Chu,  2000;  Figure  2.4).  Since 
the  goal  of  this  interpolation  was  simply  to  present  the  data  in  a  fashion  that  allowed 
visual  identification  of  patterns,  kriging  was  done  on  the  logarithmic  form  of  volume 
backscattering  strength.  During  fall,  volume  backscattering  in  the  mid-water  (100  -  300 
m)  and  bottom  (300  -  500  m)  depth  ranges  spatially  averaged  over  1-km  intervals  differed 
significantly  between  survey  blocks  (Kruskal- Wallis  non-parametric  one-way  analysis  of 
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Figure  2.3  -  Vertical  distribution  of  volume  backscattering  strength  (dB)  in  each  survey 
block,  during  fall  (dashed  line)  and  winter  (solid  line),  in  the  (A)  Northern  Outer-Shelf, 
(B)  Northern  Inner-Shelf,  (C)  Central  Outer-Shelf,  (D)  Central  Inner-Shelf,  (E)  Southern 
Outer-Shelf,  (F)  Southern  Inner-Shelf,  (G)  Off-Shelf,  and  (H)  Marguerite  Bay  blocks. 
Block  name  abbreviations  are  as  in  Figure  2.1.  Median  and  inter-quartile  range  (indicated 
by  error  bars)  were  calculated  in  lO-m  depth  intervals  over  all  observations  in  each  block, 
on  the  basis  of  the  volume  backscattering  coefficient,  and  are  displayed  here  in  the 
logarithmic  form  of  the  volume  backscattering  strength. 
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Figure  2.4  (facing)  -  Interpolated  volume  backscattering  strength  during  fall  and  winter. 
Data  used  for  interpolations  are  the  volume  backscattering  levels  averaged  over  1-km 
along-track  intervals;  averages  were  performed  on  the  arithmetic  quantity  of  the  volume 
backscattering  coefficient. 

(a,b)  Interpolated  volume  backscattering  100-300  m.  Overlain  are  contours  of  bathmetry, 
showing  the  450  and  1000  m  isobaths. 

(c,d)  Interpolated  volume  backscattering  300-500  m,  with  bathymetric  contours  again 
overlain. 

(e,f)  Interpolated  volume  backscattering  100-300  m.  Overlain  are  contours  of  dynamic 
height  (from  Klinck  et  ai,  this  issue)  relative  to  400  m.  Lows  (L)  and  highs  (H)  in 
dynamic  topography  are  indicated,  and  arrows  show  the  direction  of  geostrophic  flow. 
(g,h)  Interpolated  volume  backscattering  25-100  m,  with  dynamic  height  contours 
overlain. 
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variance  (Sokal  and  Rohlf,  2000),  x  ^  P  0.001,  n  =  1932,  and  x  ^  573,  p  <  0.001, 
n  =  1030,  respectively;  Table  2.2),  with  highest  levels  in  the  southern  inner-shelf  and 
Marguerite  Bay  and  lowest  off-shelf  (Tukey-Kramer  post-hoc  tests  (Sokal  and  Rohlf, 
2000),  p  <  0.05).  Within  the  shallow  layer  (25  -  100  m),  volume  backscattering  was 
reduced  relative  to  the  deeper  layers,  but  showed  similar  enhancements  in  coastal  areas, 
as  well  as  significant  differences  between  blocks  (x  -  367,  p  <  0.001,  n  =  1385). 

Marguerite  Trough  is  the  deep  trough  that  cuts  diagonally  across  the  continental  shelf, 
meeting  the  shelf  break  at  approximately  66.5  °S  (Figures  2.1c,d  and  2.4a,c); 
interpolations  show  that  volume  backscattering  at  depth  was  very  low  in  the  vicinity  of 
this  meeting  point.  A  second  trough  meets  the  shelf  break  at  approximately  67.75  °S 
(Figure  2.  lc,d).  Mean  volume  backscattering  near  this  point  was  very  low  in  the  100  to 
300  m  depth  range,  and  reduced  relative  to  nearby  levels  in  the  300  to  500  m  range. 
Flydrographic  observations  suggest  that  CDW  intrudes  on  to  the  shelf  at  these  locations 
(Figure  9  in  Klinck  et  ai,  2004;  Dinniman  and  Klinck,  2004);  the  low  observed  volume 
backscattering  levels  are  suggestive  of  low  zooplankton  biomass  in  these  recently 
intruded  waters.  Contours  of  dynamic  height  relative  to  400  m  calculated  by  Klinck  et  al. 
(2004)  indicate  a  cyclonic  gyre  situated  in  the  northern  portion  of  the  survey  area,  and  a 
coastal  current  moving  along  the  shelf  towards  the  southwest  (Figure  2.4c).  Enhanced 
volume  backscattering  was  evident  in  all  three  depth  ranges  at  the  southern  end  of  this 
gyre,  where  water  was  flowing  in  an  off-shelf  direction.  Scattering  was  also  enhanced  in 
the  vicinity  of  the  coastal  current  off  Alexander  Island. 

In  winter,  mean  volume  backscattering  decreased  by  an  order  of  magnitude  (i.e.,  ~10  dB) 
relative  to  fall  levels  within  the  shallow  and  middle  depth  layers,  except  in  the  mid-water 
layer  of  Marguerite  Bay  (Figure  2.4b, h  and  Table  2.2;  Friedman  non-parametric  two-way 
analysis  of  variance  test  for  the  effect  of  season  (Sokal  and  Rohlf,  2000),  shallow  layer: 

X  =  8,  p  =  0.005,  mid-water  layer:  x  =  4.5,  p  =  0.03).  Significantly  different  scattering 
between  blocks  (Kruskal-Wallis  test,  x^  =  510,  p  <  0.001,  n  =  748)  was  driven  primarily 
by  high  scattering  in  Marguerite  Bay  and  low  scattering  in  the  northern  and  off-shelf 
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blocks  (Tukey-Kjamer  post-hoc  tests,  p  <  0.05).  In  the  bottom  layer  (300  -  500  m;  Figure 
2.4d),  volume  backscattering  was  high  over  much  of  the  continental  shelf,  as  well  as 
within  Marguerite  Bay,  and  did  not  differ  between  blocks  (Friedman  test  non-significant; 
Table  2.2).  Volume  backscattering  levels  during  winter  showed  less  of  a  clear  association 
with  the  deep  troughs  across  the  shelf  (Figure  2.4b,d).  Although  there  was  still  evidence 
from  dynamic  topography  of  a  weakened  gyre  in  the  northern  portion  of  the  survey  area 
and  a  coastal  current,  there  was  little  evidence  of  any  enhanced  volume  backscattering  at 
depth  associated  with  these  features  (Figure  2.4f,h). 


2.3. 3. a  Potential  impact  of  vertical  migrations  on  horizontal  patterns 

In  order  to  determine  whether  the  observed  trends  in  horizontal  distribution  were 
confounded  by  diel  vertical  migration  of  the  zooplankton  responsible  for  measured 
volume  backscattering,  mean  daytime  and  nighttime  levels  in  each  block  were  compared 
within  the  shallow  (25  -  100  m),  mid-water  (100  -  300  m),  and  deep  (300  -  500  m)  layers. 
Day  was  defined  as  0900  to  1500,  and  night  as  1700  to  0700,  with  dawn  and  dusk 
excluded  from  analysis  in  order  to  examine  solely  whether  day  or  night  volume 
backscattering  differed  from  one  another.  If  the  zooplankton  were  migrating  upwards  at 
night  one  might  expect  to  see  an  increase  in  volume  backscattering  in  the  shallower  depth 
layers  from  day  to  night,  associated  with  decreases  in  the  deeper  strata.  No  such  pattern 
consistent  with  diel  vertical  migration  was  observed:  comparable  volume  backscattering 
levels  were  measured  in  each  layer  during  both  day  and  night  in  most  blocks  (Table  2.2; 
Mann-Whitney  tests  p  >  0.05). 


2.3.4  Volume  backscattering  relative  to  water  masses 

The  association  between  volume  backscattering  and  particular  water  masses  was  explored 
using  observations  of  potential  temperature  and  salinity  from  CTD  casts  (Figure  2.5). 
During  fall,  highest  volume  backscattering  levels  (averaged  in  1-km  intervals)  were 
associated  with  modified-CDW.  Episodic  high  values  of  volume  backscattering  also  were 
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A  -  Fall  coastal  2-  B  -  Winter  coastal  .40 

CDW 
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Figure  2.5  -  Potential  temperature-salinity  diagrams,  with  dot  color  indicating  volume 
backscattering  strength  (dB).  Data  are  plotted  separately  for  the  (A)  fall  coastal,  (B) 
winter  coastal,  (C)  fall  offshore,  and  (D)  winter  offshore  blocks.  The  ‘coastal’  category 
includes  the  three  inner-shelf  blocks  and  Marguerite  Bay,  while  the  ‘offshore’  blocks 
include  the  outer-  and  off-shelf  blocks;  the  term  ‘offshore’  thus  denotes  regions  farther 
away  from  the  antarctic  continent,  but  includes  portions  of  the  continental  shelf  and  so 
must  be  distinguished  from  strictly  ‘off-shelf  waters.  Environmental  data  were  collected 
at  CTD  stations  (see  Klinck  et  al,  this  issue).  Acoustic  volume  backscattering  levels 
shown  represent  the  acoustic  observation  (averaged  over  1-km  intervals  via  the  arithmetic 
form  of  the  volume  backscattering  coefficient)  made  nearest  to  the  depth  and  location  of 
each  CTD  measurement  of  temperature  and  salinity.  Note  that  due  to  the  high  sample 
sizes  (9246  in  fall,  and  6481  in  winter),  some  dots  were  plotted  on  top  of  one  another  and 
so  low  values  are  somewhat  obscured.  The  water  masses  present  were  Antarctic  Surface 
Water  (AASW),  Circumpolar  Deep  Water  (CDW),  modified  Circumpolar  Deep  Water 
(mCDW),  and  Winter  Water  (WW). 
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observed  in  association  with  AASW,  corresponding  to  the  occasional  presence  of  dense 
patches  in  surface  waters.  Warmer  (i.e.,  less-modified)  CDW  present  in  areas  farther 
offshore  was  typified  by  generally  reduced  volume  backscattering,  again  suggestive  of 
low  zooplankton  biomass  in  off-shelf  waters  and  recent  intrusions  of  CDW  on  to  the 
continental  shelf  In  winter,  volume  backscattering  was  lower  than  in  fall,  particularly  in 
the  more  offshore  waters  and  in  the  WW  and  colder  (<  0.5°C)  mCDW  present  at 
shallower  depths  (Figure  2.5).  CDW  and  warmer  mCDW  present  at  depth  showed  some 
enhanced  scattering,  as  would  be  expected  from  the  deep  scattering  layer  observed  during 
the  winter  survey. 


2.3.5  Multi-variate  analyses 

Multiple  regression  analysis  with  backward  step-wise  elimination  of  variables  was  used 
to  examine  how  volume  backscattering  averaged  in  1-km  intervals  was  associated  with 
salinity,  fluorescence,  transmittance,  photosynthetically  active  radiation  (PAR),  bottom 
depth,  bottom  complexity,  distance  along-shelf,  and  distance  across-shelf.  The  standard 
deviation  of  the  nearest  20  measurements  of  bottom  depth  (i.e.,  within  a  horizontal 
distance  of -400  m)  was  used  as  a  proxy  for  bottom  complexity.  Potential  temperature, 
oxygen  concentration,  and  depth  were  highly  correlated  with  one  another  and  with 
salinity  during  both  cruises  (r  >  0.8),  and  so  only  salinity  was  used  in  the  analysis.  In 
fall,  distance  along-shelf,  distance  across-shelf,  and  salinity  were  the  most  strongly 
associated  with  volume  backscattering  levels  (standardized  partial  regression  coefficients 
of  -0.53,  -0.41,  and  0.3 1,  respectively,  all  p’s  <  0.001).  The  former  two  variables  had 
negative  effects,  indicating  that  volume  backscattering  increased  farther  in  on  the  shelf 
and  farther  along  the  shelf  towards  the  southwest.  Increasing  volume  backscattering  was 
associated  with  increasing  salinity,  but  note  that  the  latter’s  influence  may  be  due  to  an 
association  of  the  zooplankton  with  salinity  itself,  or  due  to  the  influence  of  one  of  its 
correlates,  such  as  depth.  Overall,  only  34%  of  the  variation  in  volume  backscattering 
during  fall  was  accounted  for  by  the  selected  independent  variables  (n  =  9246).  In  winter, 
distance  along-shelf  and  salinity  were  the  two  most  important  explanatory  variables 
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(standardized  partial  regression  coefficients  of  -0.50  and  0.46,  respectively,  p’s  <  0.001), 
and  41%  of  the  total  variation  in  volume  backscattering  was  explained  by  the  selected 
variables  (n  =  6481). 


2.3.6  Taxonomic  composition 

In  general,  small  (<  2.5  mm  in  length)  and  large  copepods  (>  2.5  mm)  dominated 
MOCNESS  catches  in  terms  of  both  numbers  and  estimated  biomass.  From  qualitative 
examinations,  small  copepods  were  dominated  by  Metridia  gerlachei  copepodites,  with 
cyclopoids  (e.g.,  Oithona  and  Oncaea  spp.)  also  abundant  at  some  locations.  The  large 
copepod  group  was  composed  of  mostly  Calanoides  acutus,  Calanus  propinquus, 
Gauidhis  spp.,  adult  Metridia  gerlachei,  Rhincalanus  gigas,  and  Paraeuchaeta  spp. 
(Ashjian  et  ai,  2004). 

Our  silhouette  method  for  identifying  net  catches  was  not  able  to  identify  euphausiids  to 
the  level  of  species.  Microscopic  examination  of  a  subset  of  the  net  catches  indicated  that 
the  euphausiid  community  consisted  of  Euphaasia  superba,  E.  crystallorophias,  E. 
frigido,  E.  triacantha,  and  Thysanoessa  macrura.  For  the  remainder  of  this  paper,  we  will 
group  these  species  together  and  refer  to  them  simply  as  euphausiids.  Small  euphausiids 
(all  individuals  <  15  mm  in  length,  corresponding  to  larval  stages)  often  contributed 
substantially  to  total  zooplankton  abundance  and  biomass,  though  less  than  copepods. 
Large  (>  15  mm,  juveniles  and  adults)  euphausiids  made  important  contributions  to 
sampled  biomass,  but  typically  not  to  abundance.  Other  taxa,  such  as  pteropods, 
chaetognaths,  amphipods,  mysids,  siphonophores,  other  Jellies,  and  micronektonic  fishes, 
were  proportionally  important  only  at  limited  depth  ranges  and  particular  locations. 
Detailed  analyses  of  MOCNESS  catches  were  performed  in  a  companion  study  (Ashjian 
et  al,  2004),  and  the  emphasis  here  is  on  using  these  catches  to  interpret  acoustic 
observations- 
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Calculations  of  expected  volume  backscattering  strength  based  on  net  catches  (i.e., 
‘forward  calculations’)  showed  a  positive  association  with  observed  levels  (Figure  2.6; 
results  of  a  regression  analysis  for  the  58  data-points  indicated  an  r^  =  0.43,  p  <  1x10'^). 
Observed  volume  backscattering  strength  was  generally  greater  than  that  predicted, 
particularly  at  high  levels.  The  average  deviation  of  observed  volume  backscattering  from 
the  line  shown  on  Figure  2.6  denoting  equal  predicted  and  observed  volume 
backscattering  strengths  was  6.8  dB.  These  analyses  excluded  the  mid-shelf  1  and  2 
stations  during  winter,  the  two  locations  where  net  tows  and  acoustic  data  collection  were 
separated  in  time  by  approximately  a  month.  Interestingly,  however,  the  predicted 
volume  backscattering  levels  for  the  mid-shelf  1  station  fell  very  close  to  the  observed 
values.  Furthermore,  while  the  predicted  volume  backscattering  levels  for  the  mid-shelf  2 
station  were  generally  lower  than  observed  levels,  they  were  certainly  not  the  most 
extreme  outliers. 

The  ratios  of  the  predicted  volume  backscattering  coefficients  for  each  of  the  various  taxa 
to  the  total  predicted  level  provide  some  insight  into  the  possible  biological  sources  of 
volume  backscattering  in  the  vicinity  of  each  MOCNESS  tow.  The  full  set  of  scattering 
predictions  for  each  taxon  in  each  net  and  tow  can  be  found  in  figure  2.7;  here,  only  the 
more  noteworthy  features  will  be  highlighted. 

2. 3. 6. a  Sources  of  volume  backscattering  during  fall 

Based  on  net  catches  made  during  fall  and  taxon-specific  acoustic  scattering  models, 
large  euphausiids  were  the  predicted  source  of  the  majority  of  volume  backscattering  at 
only  a  few  locations  and  depths:  in  the  mid-water  at  the  mid-shelf  1  and  2  stations  (at 
depths  of  22  -  240  m,  and  149  -  344  m,  respectively),  at  depths  where  large  and  diffuse 
patches  were  present  (Figure  2.2a),  as  well  as  in  the  very  high  scattering  and  patchy  50  to 
198  m  depth  range  in  Marguerite  Bay  (Figure  2.7a).  Elsewhere,  large  euphausiids  were 
either  absent  or  were  predicted  to  contribute  only  slightly  to  overall  volume 
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Predicted  Volume  Backscattering  Strength  (dB) 


Figure  2.6  -  Comparison  of  volume  backscattering  strength  observed  acoustically  and 
that  predicted  based  on  the  composition  of  the  MOCNESS  catches.  The  line  where 
observed  levels  equal  those  predicted  is  shown;  points  falling  above  this  line  indicate 
cases  where  observed  volume  backscattering  strength  was  under-predicted.  Observed 
volume  backscattering  levels  represent  averages  over  depth  ranges  equal  to  those 
sampled  by  the  nets,  and  over  similar  spatial  extents.  Individual  symbols  represent  each 
MOCNESS  tow.  Acoustic  observations  were  made  within  17  km  and  5  hours  of  the  net 
tows. 
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backscattering  levels.  Small  euphausiids  were  estimated  to  make  their  most  important 
contributions  at  shallow  depths,  ranging  from  25  to  100  m. 

Aside  from  euphausiids,  a  mixture  of  taxa  were  predicted  to  account  for  the  remainder  of 
volume  backscattering  in  fall  (Figure  2.7a).  Large  copepods  were  an  important  predicted 
constituent  at  many  stations,  particularly  below  a  depth  of  100  m.  Despite  their  never 
contributing  more  than  1 1%  of  net-sampled  biomass  (Ashjian  et  aL,  2004),  pteropods 
were  occasionally  responsible  for  the  majority  of  predicted  volume  backscattering  levels 
(up  to  69%).  This  is  due  to  the  hard  shell  and  associated  strong  scattering  intensity  of 
pteropods  in  comparison  to  the  weakly-scattering  taxa  such  as  euphausiids  or  copepods 
(Stanton  et  aL,  1994).  Similarly,  at  certain  depths  and  locations,  a  majority  of  total 
volume  backscattering  was  predicted  to  arise  from  pneumatophore-bearing 
siphonophores.  For  instance,  in  the  99  to  145  m  depth  stratum  at  mid-shelf  station  3,  66% 
of  volume  backscattering  was  estimated  to  result  from  siphonophores,  even  though  catch 
biomass  in  this  layer  was  still  dominated  by  copepods  (47%)  and  the  contribution  of 
siphonophores  to  biomass  was  negligible  (~1%).  The  pneumatophore  structure  of 
siphonophores  is  a  gas-filled  sac  which  is  an  efficient  scatterer  of  sound  (Warren  et  aL, 
2001),  evidently  overwhelming  the  contribution  to  observed  volume  backscattering  of  the 
biomass-dominating  copepods.  Small  copepods  frequently  dominated  catches  (up  to  72% 
of  biomass),  but  this  taxon  never  explained  more  than  19%  of  predicted  volume 
backscattering,  due  to  their  small  size  combined  with  their  being  weak  scatterers  (i.e., 
their  acoustic  material  properties  are  similar  to  those  of  the  surrounding  seawater),  and 
concomitant  low  target  strength  at  120  kHz. 

2.3.6.b  Sources  of  volume  backscattering  during  winter 

In  winter,  the  sources  of  acoustic  scattering  predicted  from  net  samples  differed  from  the 
fall  (Figure  2.7b).  The  dominant  feature  observed  acoustically  in  winter  was  the  deep 
scattering  layer  found  close  to  the  bottom  over  much  of  the  continental  shelf 
Unfortunately,  difficulties  associated  with  towing  the  MOCNESS  through  the  pack  ice 
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Figure  2.7  -  Predictions  of  the  sources  of  volume  backscattering  based  on  MOCNESS 
catches  during  (A)  fall  and  (B)  winter.  The  percent  of  total  predicted  volume 
backscattering  accounted  for  by  each  taxon,  calculated  on  the  basis  of  the  linear  quantity 
the  volume  backscattering  coefficient,  is  shown  relative  to  the  depth  interval  sampled  by 
each  net  of  each  tow.  The  ‘pteropod’  category  refers  only  to  thecosomes  (Limacina  spp.). 
The  'other’  category  includes  small  (<  2.5mm)  copepods,  medusae,  polychaetes, 
ostracods,  eggs,  salps,  crustacean  larvae,  radiolarians,  mysids,  and  gymnosome 
pteropods. 
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Figure  2.7  -  continued 
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led  to  problems  in  sampling  this  layer.  At  the  mid-shelf  1  station,  the  deepest  net  sampled 
to  within  40  m  of  the  bottom.  Acoustic  data  were  collected  in  this  region  30  days  prior  to 
the  net  tow,  and  at  that  time,  a  deep  scattering  layer  was  present  extending  20  to  100  m 
above  the  bottom.  Predictions  from  the  catch  composition  in  this  net  suggested  that  large 
copepods  and  radiolarians  (included  in  the  ‘other  category’  of  Figure  2.7b)  were  the 
dominant  contributors  to  expected  volume  backscattering  levels  in  the  layer,  with  smaller 
contributions  from  amphipods  and  large  euphausiids.  At  the  mid-shelf  2  station,  a 
scattering  layer  was  present  extending  100  to  150  m  off  the  bottom.  Predictions  from  the 
deepest  net  in  a  tow  made  24  days  later  to  within  90  m  of  the  bottom  indicated  that 
expected  volume  backscattering  in  the  layer  was  accounted  for  primarily  by  pteropods 
and  large  copepods.  At  the  mid-shelf  3  station,  the  deepest  net  only  sampled  to  within  95 
m  of  the  bottom,  and  therefore  passed  25  m  above  the  deep  scattering  layer  observed 
acoustically.  Volume  backscattering  in  this  sampled  region  immediately  above  the  deep 
scattering  layer  was  predicted  to  stem  predominantly  from  copepods  and  chaetognaths. 

Catches  from  shallower  sampled  strata  suggested  that  the  low  volume  backscattering 
observed  outside  the  deep  scattering  layer  stemmed  from  a  highly  complex  mixture  of 
taxa  (Figure  2.7b).  Where  they  were  present,  siphohophores  and  pteropods  often 
accounted  for  most  of  the  predicted  volume  backscattering.  In  Marguerite  Bay, 
amphipods  were  the  dominant  scatterer  in  two  of  the  sampled  depth  intervals,  while  large 
euphausiids  dominated  predicted  volume  backscattering  in  the  acoustically  intense  151  to 
200  m  depth  range  and  in  the  less  intense  74  to  151  m  layer. 


2.4  DISCUSSION 

Distinct  spatial  and  seasonal  patterns  were  evident  in  volume  backscattering  across  the 
Marguerite  Bay  continental  shelf  study  area.  Clear  associations  also  were  observed 
between  volume  backscattering  and  particular  water  masses  and  dynamic  topography, 
which  is  an  indicator  of  flow.  Together  with  the  information  derived  from  net  samples  on 
the  taxonomic  composition  of  the  zooplankton  and  micronekton  responsible  for  the 


56 


volume  backscattering,  these  observations  permit  important  inferences  concerning  the 
seasonal  distribution,  transport,  and  retention  of  zooplankton  and  micronekton  biomass  in 
the  region. 


2.4.1  Potential  limitations  of  the  acoustic  technique 

The  relationship  bet’ween  volume  backscattering  at  a  single  frequency  and  zooplankton 
biomass  is  highly  complex,  and  in  order  to  draw  any  conclusions  about  biomass  on  the 
basis  of  our  acoustic  measurements,  a  number  of  potentially  confounding  factors  first 
must  be  taken  into  account.  Volume  backscattering  depends  on  a  number  of  factors, 
including  the  abundance  or  biomass  of  scatterers  in  the  sample  volume,  as  well  as  their 
taxonomic  composition  and  associated  differences  in  acoustic  material  properties,  size, 
shape,  and  orientation  (Stanton  and  Chu,  2000).  In  fisheries  and  zooplankton  acoustics,  it 
is  commonly  assumed  that  scattering  from  individual  animals  within  the  acoustic  beam 
sums  incoherently,  such  that  the  volume  backscattering  coefficient  increases  linearly  with 
animal  density.  This  assumption  is  valid  provided  that  animal  densities  are  not  so  high  as 
to  cause  acoustic  attenuation  or  multiple  scattering,  and  targets  can  be  assumed  to  be 
distributed  randomly  within  the  beam  (MacLennan  and  Simmonds,  1992);  this  is  likely  to 
be  the  case  here.  Inasmuch  as  biomass  increases  linearly  with  abundance,  volume 
backscattering  therefore  will  also  increase  with  biomass. 

Different  anatomical  classes  of  zooplankton  scatter  sound  with  very  different  efficiencies, 
and  the  taxonomic  composition  of  scatterers  has  a  substantial  impact  on  volume 
backscattering.  The  echo  energy  scattered  per  unit  biomass  of  a  pteropod,  for  example, 
can  be  70  times  greater  than  that  from  a  decapod  or  pneumatophore-bearing 
siphonophore  (Stanton  et  ai,  1994).  An  observed  increase  in  volume  backscattering 
therefore  could  result  either  from  an  increase  in  the  biomass  of  a  given  taxon  of 
zooplankton,  or  from  a  shift  in  taxonomic  composition  towards  stronger  scatterers  such 
as  pteropods;  such  a  shift  could  even  be  accompanied  by  a  decrease  in  biomass.  In  the 
present  study,  predictions  based  on  net  catches  of  the  likely  relative  contributions  of 
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different  taxa  to  observed  volume  backscattering  levels  suggest  a  highly  heterogeneous 
composition  of  animals  (Figure  2.7;  note  that  section  2. 4. 3. a  below  acknowledges  certain 
limitations  of  these  predictions).  There  is  little  evidence  that  changes  in  taxonomic 
composition  might  confound  our  interpretation  that  the  major  observed  seasonal  and 
spatial  differences  in  volume  backscattering  are  related  to  concomitant  changes  in 
biomass.  The  strong-scattering  pteropods  were  predicted  to  account  for  more  of  the 
volume  backscattering  in  winter  than  in  fall,  suggesting  that  the  decrease  in  volume 
backscattering  between  the  two  seasons  may  be  due  to  an  even-larger  decrease  in 
biomass  than  if  the  taxonomic  composition  had  remained  the  same.  During  fall,  there  was 
evidence  of  greater  contributions  of  pneumatophore-bearing  siphonophores  to  volume 
backscattering  at  depths  below  100  m  in  the  southern  reaches  of  the  survey  area  and  in 
Marguerite  Bay,  and  an  increased  importance  of  euphausiids  towards  the  north.  Although 
volume  backscattering  was  lower  in  the  north,  echo  energy  at  200  kHz  per  unit  biomass 
has  been  shown  to  be  comparable  for  certain  sizes  of  siphonophores  and  euphausiids 
(Stanton  et  ai,  1994),  and  this  volume  backscattering  decrease  is  more  likely  related  to  a 
difference  in  biomass  than  to  spatial  patterns  in  community  composition. 

Volume  backscattering  generally  increases  with  the  size  of  the  animals  ensonified.  Since 
biomass  also  increases  with  size,  volume  backscattering  should  increase  with  biomass 
irrespective  of  whether  biomass  increases  are  related  to  size  or  abundance.  The 
relationship  between  scattering  and  size  is  not  monotonically  increasing,  however,  and 
there  do  exist  size  ranges  for  which  the  scattering  from  a  given  individual  (i.e.,  its  target 
strength)  and  the  individual’s  size  are  negatively  related,  such  that  slightly  larger  (higher 
biomass)  animals  have  lower  target  strength  than  smaller  ones  (Stanton  and  Chu,  2000). 
For  single  pings  and  individual  animals,  such  ‘dips’  in  the  scattering  vs.  size  relationship 
can  be  quite  pronounced,  and  have  the  potential  to  confound  the  relationship  between 
volume  backscattering  and  biomass.  In  this  study,  however,  we  average  volume 
backscattering  over  large  depth  ranges  and  horizontal  intervals,  and  thereby  average  over 
a  very  large  number  of  animals.  When  scattering  is  averaged  over  a  distribution  of  animal 
lengths,  the  dips  in  target  strength  at  particular  size  ranges  are  substantially  reduced  in 


58 


magnitude,  to  5  dB  or  less  (Stanton  et  ai,  1998;  Stanton  and  Chu,  2000).  Furtliermore, 
the  exact  sizes  of  animals  encountered  in  this  study  are  such  that  the  potential 
confounding  effect  of  animal  size  on  the  relationship  between  volume  backsca.ttering  and 
biomass  is  relatively  small:  the  lengths  of  most  of  the  net-sampled  taxa  (e.g.,  copepods, 
pteropods,  siphonophores,  and  small  euphausiids)  were  much  smaller  than  the  length  at 
which  the  first  dip  in  the  target  strength  vs.  size  relationship  occurs.  Large  euphausiids 
are  the  only  taxon  sampled  by  the  nets  whose  sizes  might  have  been  expected  to  fall 
within  this  first  dip,  but  examining  the  length  distributions  of  this  group  in  net  catches 
suggests  that  most  animals  fell  on  either  side  of  the  requisite  range  of  lengths  {Ashjian  et 
al.,  2004). 

Similarly,  animal  orientation  can  have  a  substantial  impact  on  target  strength  for 
individual  animals  and  single  realizations,  but  this  effect  is  also  much  reduced  when 
scattering  is  averaged  over  a  distribution  of  aspects.  It  is  conceivable  that  the  orientation 
of  animals  may  vary  spatially  or  seasonally,  if  for  example,  orientation  changes  with  the 
animals’  behavior,  such  as  during  feeding  versus  migrating.  Too  little  information  exists 
on  the  orientation  of  these  various  animals  to  explore  this  possibility  fully.  It  seems 
unlikely,  however,  that  the  large  observed  spatial  and  seasonal  patterns  in  volume 
backscattering  can  be  explained  simply  by  variability  in  the  orientation  of  animals,  as  this 
would  require  complicated  spatial  and  seasonal  changes  in  orientation  that  are  less 
plausible  than  differences  in  biomass. 

Animal  taxonomic  composition  and  the  associated  differences  in  the  acoustic  material 
properties,  size,  shape,  and  orientation  of  scatterers  certainly  introduce  imprecision  into 
the  relationship  between  volume  backscattering  and  zooplankton  and  micronekton 
biomass,  and  it  therefore  is  not  possible  to  relate  the  patterns  observed  here  in  volume 
backscattering  uniquely  to  patterns  in  overall  zooplankton  biomass.  Nonetheless,  the 
present  analyses  have  revealed  large  spatial  and  temporal  differences  in  volume 
backscattering  strength  (greater  than  5  dB),  which  should  exceed  any  imprecision 
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introduced  by  these  confounding  factors,  allowing  us  to  attribute  coarsely  these 
differences  to  changes  in  biomass. 

There  also  exists  the  possibility  that  some  of  the  observed  volume  backscattering 
stemmed  from  sources  other  than  zooplankton  or  micronekton,  such  as  nekton  or  non- 
biological  sources.  It  is  unlikely  that  any  animals  larger  than  micronekton  (e.g.,  large 
fishes)  contributed  substantially  to  volume  backscattering  measurements.  Larger  animals 
should  be  recognizable  in  the  acoustic  record  by  their  very  high  volume  backscattering 
levels.  Very  few  such  instances  of  high  volume  backscattering  were  evident,  however, 
and  volume  backscattering  strength  seldom  exceeded  -50  dB.  Aside  from  the  artifactual 
scattering  excised  from  the  acoustic  data  collected  by  the  up-looking  transducer  described 
above,  we  have  little  information  on  the  possibility  of  scattering  from  non-biological 
sources.  Work  in  the  Gulf  of  Maine  has  demonstrated  that  small-scale  variations  in  the 
temperature  and  salinity  structure  of  the  water  column  (i.e.,  microstructure)  may  at  times 
scatter  sound  at  levels  comparable  to  that  from  zooplankton  (Warren  et  ai,  2003). 
Preliminary  examinations  of  acoustic  data  collected  concurrent  to  casts  with  a 
microstructure  probe  during  a  later  cruise  suggest  that  thin  and  low-intensity  volume 
backscattering  layers  may  be  associated  at  times  with  regions  of  high  microstructure,  but 
such  weak  scattering  is  unlikely  to  contribute  substantially  to  the  averages  of  volume 
backscattering  under  examination  in  the  present  study. 

Finally,  diel  vertical  migrations  by  the  animals  responsible  for  observed  volume 
backscattering  may  introduce  uncertainty  into  our  interpretations  of  distribution. 
Comparisons  of  mean  volume  backscattering  within  the  different  depth  strata  between 
day  and  night  do  not  support  this  notion,  other  than  perhaps  in  the  shallow  layer  during 
winter.  Even  in  this  depth  range,  since  the  position  of  the  ship  in  relation  to  time  of  day 
was  effectively  random,  any  diel  changes  in  vertical  position  should  simply  introduce 
random  error  into  the  acoustic  measurements.  Diel  vertical  migration  of  some  component 
of  the  zooplankton  community  undoubtedly  does  occur  (e.g.,  Zhou  and  Dorland  (2004) 
observed  distinct  diel  vertical  migrations  by  individual  euphausiid  aggregations),  but  it 
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seems  that  the  influence  of  such  migrations  on  our  large-scale  analyses  of  overall 
zooplankton  volume  backscattering  is  minor. 

2.4.2  Seasonal  changes  in  volume  backscattering 

One  of  the  most  striking  patterns  observed  in  mean  volume  backscattering  levels  was  the 
decrease  in  scattering  from  fall  to  winter  evident  in  the  upper  300  m  of  the  water  column 
throughout  the  survey  area,  other  than  in  Marguerite  Bay.  In  contrast,  volume 
backscattering  below  a  depth  of  300  m  remained  high  even  in  winter,  and  in  fact 
increased  relative  to  fall  levels  in  Marguerite  Bay  and  the  northern  and  southern  outer- 
shelf.  Comparing  volume  backscattering  levels  averaged  over  the  entire  sampled  depth 
range  (25  -  500  m)  suggests  that  volume  backscattering  for  the  water  column  as  a  whole 
in  Marguerite  Bay,  the  northern  and  southern  outer-shelf  areas,  and  off-shelf  during 
winter  was  comparable  to  or  exceeded  levels  observed  during  fall  (Figure  2.8). 

Elsewhere,  volume  backscattering  during  winter  was  reduced  to  18  to  46%  of  fall  levels. 
Mean  volume  backscattering  in  winter  averaged  over  the  entire  surveyed  area  and  water 
column  was  -69.6  dB,  representing  a  decrease  of  67.5%  relative  to  volume  backscattering 
observed  during  fall  (mean  -64.8  dB).  This  is  indicative  of  a  seasonal  decrease  in 
zooplankton  biomass,  and  correspondingly,  a  decrease  in  zooplankton  biomass  between 
the  two  seasons  also  was  observed  by  other  instruments.  Biomass  sampled  in  the 
MOCNESS  tows  described  above  decreased  from  fall  to  winter  by  approximately  60% 
(Ashjian  et  aL,  2004).  Analyses  of  zooplankton  size  spectra  derived  from  an  optical 
plankton  counter  (OPC)  likewise  suggested  that  particle  abundance  between  0.25  and  14 
mm  in  equivalent  spherical  diameter  decreased  between  fall  and  winter  of  2002  by  82% 
(Zhou  et  al.,  2004).  The  OPC  generally  samples  a  smaller  fraction  of  the  overall 
zooplankton  and  micronekton  biomass  than  the  acoustic  and  net  systems.  The  greater 
seasonal  decrease  evident  from  the  OPC  may  suggest  greater  mortality  or  other  sources 
of  loss  for  the  smaller  zooplankton  present,  or  may  reflect  spatial  differences  in  the 
locations  sampled  by  the  different  instruments. 
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Figure  2.8  -  Mean  volume  backscattering  strength  observed  in  the  entire  sampled  portion 
of  the  water  column  (25-500  m)  in  each  block,  during  fall  and  winter  (left  y-axis). 
Vertical  bars  indicate  the  percent  of  fall  total  volume  backscattering  in  each  block  that 
can  be  accounted  for  by  winter  levels  (right  y-axis).  Dashed  horizontal  line  indicates  the 
100  %  level  of  equal  fall  and  winter  volume  backscattering.  Averages  and  percentages 
were  calculated  using  the  arithmetic  quantity,  the  volume  backscattering  coefficient 
and  then  displayed  in  the  logarithmic  form  of  the  volume  backscattering  strength  (5v,). 
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Similar  seasonal  reductions  in  the  biomass  of  zooplankton  have  been  observed  in  studies 
of  other  regions  of  the  antarctic  continental  shelf  (e.g.,  copepods;  Schnack-Schiel  et  ai, 
1998),  and  for  Antarctic  krill  in  particular  (Heywood  et  ai,  1985;  Siegel  1988.,  1989; 
Lascara  et  ai,  1999;  and  see  review  in  Siegel,  2000).  A  seasonal  decrease  in  y^jitarctic 
krill  biomass  may  not  be  a  consistent  feature  across  all  regions,  however,  as  South 
Georgia  typically  supports  a  strong  krill  fishery  during  winter  (e.g.,  Murphy  ei  ai,  1997). 
In  repeat  surveys  that  overlapped  during  fall  and  summer  with  the  northern  end  of  the  SO 
GLOBEC  study  area,  and  that  in  winter  and  spring  covered  the  continental  shelf  farther 
north,  Lascara  et  al.  (1999)  observed  an  order  of  magnitude  decrease  from  spring  and 
summer  Antarctic  krill  biomass  levels  (32  and  95  g  m‘^,  respectively)  to  fall  and  winter 
(12  and  8  g  m'^,  respectively).  In  the  latter  survey,  mean  biomass  was  driven  primarily  by 
one  high-biomass  station;  biomass  was  zero  at  most  other  stations.  These  authors 
calculated  biomass  by  assuming  that  all  measurements  of  volume  backscattering  strength 
at  120  kHz  in  excess  of  -81  dB  and  above  189  m  in  depth  stemmed  from  Antarctic  krill. 
Although  we  do  not  make  this  scaling  from  volume  backscattering  to  biomass,  volume 
backscattering  strength  during  winter  in  the  present  study  frequently  exceeded  -81  dB, 
and  so  would  have  resulted  in  non-zero  biomass  estimates  by  the  Lascara  et  a'.  (1999) 
method.  However,  volume  backscattering  strength  measurements  higher  than  -81  dB 
typically  were  found  below  189  m  in  depth,  possibly  explaining  the  many  locations 
where  biomass  during  winter  was  estimated  to  be  zero  in  this  earlier  study. 

There  exist  a  number  of  factors  that  may  explain  the  decrease  in  zooplankton  volume 
backscattering  from  fall  to  winter.  These  include  vertical  and  horizontal  movements, 
mortality,  and  advection  of  the  zooplankton  and  micronekton  in  question.  It  also  must  be 
noted  in  considering  these  explanations  that  here  we  are  dealing  with  volume 
backscattering  as  a  whole,  and  that  different  factors  may  explain  changes  in  the  biomass 
and  distribution  of  individual  taxa. 
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2.4. 2. a  Vertical  movements 


Downwards  seasonal  migrations  may  have  contributed  to  the  decrease  in  overall  volume 
backscattering  levels.  Certain  taxa,  including  the  large  copepods  Calanoides  acutus  and 
Rhincalanus  gigas,  are  known  to  undergo  ontogenetic  migrations  to  deeper  waters  during 
winter  (Ross  ei  ai,  1996).  Migration  below  the  depth  ranges  normally  sampled  by  nets 
and  acoustics  has  been  hypothesized  to  be  a  possible  cause  of  apparent  seasonal  changes 
in  the  biomass  of  Antarctic  krill  in  the  present  study  area  (Lascara  et  ai,  1999). 
Euphausiid  biomass  at  depths  below  400  m  has  typically  been  found  to  be  low  in  all 
seasons  (Marin  et  ai,  1991;  Ross  et  al.,  1996;  Ashjian  et  al.,  2004).  There  is  some 
evidence,  however,  that  Antarctic  krill  may  on  occasion  be  associated  with  the  bottom, 
from  a  bottom-mounted  light  trap  in  a  shallow  water  region  under  fast  ice  (Kawaguchi  et 
al,,  1986),  acoustic  observations  in  conjunction  with  trawl  catches  (Heywood  et  ai, 

1985),  and  two  observations  made  by  a  remote-operated  vehicle  (ROV)  within  a  meter  of 
the  bottom  (Gutt  and  Siegel,  1994). 

In  the  present  study,  due  to  the  use  of  a  chirp  pulse  (Ehrenberg  and  Torkelson,  2000)  and 
to  the  ability  of  the  BIOMAPER-II  to  be  towed  at  depths  up  to  300  m,  we  were 
consistently  able  to  sample  acoustically  to  500  m,  occasionally  reaching  as  deep  as  550 
m.  Depending  on  bathymetry,  this  allowed  us  to  sample  all  the  way  to  the  bottom  over 
much  of  the  continental  shelf.  In  certain  portions  of  the  study  area,  volume  backscattering 
in  the  deepest  portions  of  the  water  column  increased  from  fall  to  winter,  suggestive  of  a 
downwards  movement  of  zooplankton.  Overall,  however,  even  including  volume 
backscattering  at  the  deepest  depths  surveyed,  volume  backscattering  during  winter  in  the 
surveyed  water  column  accounted  for  only  32.5%  of  observed  fall  levels.  Downwards 
vertical  movements  alone  therefore  may  not  account  for  the  seasonal  decrease  in  volume 
backscattering. 

Upwards  migration  of  the  zooplankton  responsible  for  volume  backscattering  above  the 
minimum  sampled  range  of  the  acoustic  system  (25  m)  also  does  not  explain  the  fall  to 
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winter  decrease.  Analyses  of  MOCNESS  catches  do  not  indicate  that  total  zooplankton 
biomass  increased  in  the  0  to  25  m  depth  stratum  (Ashjian  et  aL,  2004).  Concurrent  ROV 
surveys  did  observe  high  abundances  of  larval  euphausiids  immediately  under  the  pack 
ice  at  four  of  sixteen  survey  locations  during  winter,  suggesting  that  some  larval 
euphausiids  may  have  migrated  to  the  underside  of  the  ice  (Gallager  et  al.,  2002).  Since 
the  present  analyses  indicate  that  small  euphausiids  are  minor  contributors  to  overall 
volume  backscattering,  such  a  migration  is  unlikely  to  have  affected  observed  volume 
backscattering  levels. 

2,4.2.b  Horizontal  migrations 

Horizontal  migrations  to  preferred  over-wintering  habitats  by  zooplankton  or 
micronekton  may  explain  some  of  the  decrease  in  volume  backscattering  from  fall  to 
winter.  Adult  Antarctic  krill  are  capable  of  sustained  swimming  at  10  to  15  cm  s'*  (Kils, 
1981),  and  so  in  the  eight  weeks  between  the  fall  and  winter  surveys,  could  have 
migrated  distances  as  far  as  725  km.  Siegel  (1988)  hypothesized  that  adult  Antarctic  krill 
migrate  offshore  in  spring,  returning  to  coastal  areas  for  the  winter  perhaps  following  a 
food  gradient,  and  an  association  of  zooplankton  with  coastal  waters  during  winter  has 
been  observed  in  other  shelf  regions  (Siegel  1988,  1989;  Zhou  et  at.,  1994;  Lascara  et  ai, 
1999).  In  the  present  study,  we  penetrated  through  the  ice  close  to  shore  during  winter  on 
only  limited  occasions.  On  one  of  those  instances,  in  Laubeuf  Fjord  at  the  nort  hern  end  of 
Marguerite  Bay,  high  volume  backscattering  was  observed  and  according  to  our  net- 
based  predictions,  much  of  this  volume  backscattering  came  from  large  euphausiids.  It 
thus  seems  possible  that  large  euphausiids  may  have  migrated  out  of  the  surveyed  area 
between  fall  and  winter,  into  the  many  un-surveyed  coastal  Qords  of  Marguerite  Bay  and 
its  surrounding  islands.  It  appears  unlikely,  however,  that  a  preference  for  a  particular 
water  mass  and  a  change  in  the  distribution  of  that  water  mass  would  be  involved  in  such 
a  horizontal  movement.  Temperature-salinity  diagrams  indicated  that  volume 
backscattering  in  fall  was  highest  in  modified  CDW,  and  similar  diagrams  from  data 
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collected  during  winter  indicate  that  abundant  modified  CDW  was  still  present  on  the 
shelf 


2.4.2.C  Mortality 

Large  zooplanktivorous  predators  are  common  in  the  Marguerite  Bay  region,  and  include 
whales  (Thiele  et  a!.,  2004),  seals  (Bums  et  al.,  2004),  and  birds  (Chapman  et  ai,  2004). 
Such  predators  may  have  been  responsible  for  high  levels  of  mortality.  Until  we  gain  a 
detailed  understanding  of  the  sources  of  scattering  and  the  population  dynamics  of  the 
various  zooplankton  taxa,  the  contribution  of  mortality  to  the  decrease  in  volume 
backscattering  remains  unclear. 


2.4.2.d  Transport  and  retention  of  zooplankton  and  micronekton 

Advection  may  have  transported  zooplankton  and  micronekton  out  of  the  study  area, 
accounting  for  some  of  the  observed  decrease  in  volume  backscattering  between  the  two 
seasons.  In  fall,  contours  of  dynamic  height  indicated  the  presence  of  a  large  gyre  situated 
over  the  northern  portion  of  the  continental  shelf  study  area;  previous  studies  of  the  area 
and  analyses  of  historical  datasets  suggest  that  this  is  a  persistent  feature  of  the  region 
(Hofmann  et  ai,  1996;  Smith  et  ai,  1999).  The  southern  end  of  this  gyre  contained 
elevated  volume  backscattering,  suggesting  that  zooplankton  were  being  transported  in  an 
off-shelf  direction.  Current  speeds  in  the  gyre  were  on  the  order  of  3  to  15  cm  s  ’  (from 
ADCP  and  dynamic  height  calculations,  respectively;  Klinck  et  ai,  2004),  and  in  the 
eight  weeks  between  the  two  cmises,  could  have  transported  the  zooplankton  by 
distances  between  145  and  725  km  in  a  straight-line  direction.  Where  the  southern  end  of 
the  gyre  reached  the  shelf  break  and  turned  towards  the  north,  zooplankton  may  either 
have  been  entrained  into  the  fast-flowing  (up  to  30  cm  s  ',  Klinck  et  al.,  2004)  Antarctic 
Circumpolar  Current  (ACC)  and  transported  to  regions  farther  north,  or  retained  within 
the  gyre  structure. 
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Dynamic  height  estimates,  ADCP  measurements,  and  drifter  tracks  indicated  the  presence 
during  fall  of  a  strong  coastal  current  moving  towards  the  southwest  along  Adelaide  and 
Alexander  Islands  (Beardsley  et  al,  2004;  Klinck  et  al,  2004).  High  volume 
backscattering  likely  arising  from  zooplankton  was  associated  with  this  physical  feature. 
Although  the  coastal  current  passes  through  areas  of  complex  bathymetry  where 
zooplankton  could  potentially  find  refuge,  it  still  likely  transported  much  of  the 
zooplankton  found  during  fall  in  the  southern  shelf  region  towards  the  southwest  and  out 
of  the  study  area.  At  ADCP-measured  speeds  of  10  to  25  cm  s  '  (Klinck  et  ai,  2004),  this 
current  could  have  transported  plankton  by  distances  of  480  to  1210  km. 

On-shelf  flow  also  may  account  for  some  of  the  seasonal  decrease.  Hydrographic 
observations  and  modeling  exercises  indicate  that  warm  oceanic  CDW  is  pumped  up  onto 
the  continental  shelf  primarily  at  points  where  the  deep  troughs  bisecting  the  shelf  meet 
the  shelf  break  and  where  the  shelf  break  is  strongly  curved  (Klinck  et  al.,  2004; 

Dinniman  and  Klinck,  2004).  Maps  of  interpolated  volume  backscattering  relative  to 
bathymetry,  low  volume  backscattering  observed  in  the  off-shelf  block,  analyses  of  the 
association  between  volume  backscattering  and  water  masses,  as  well  as  low  net-sampled 
biomass  at  the  off-shelf  station  (Ashjian  et  ai,  2004),  suggest  that  the  oceanic  waters 
being  pumped  onto  the  shelf  were  relatively  low  in  zooplankton.  The  waters  replacing 
those  lost  from  the  study  area  through  other  advective  features  thus  may  have  contributed 
to  the  overall  decrease  in  zooplankton  and  micronekton  biomass. 

Retentive  processes  may  partially  explain  why  water  column  volume  backscattering  in 
Marguerite  Bay  increased  from  fall  to  winter:  ADCP  measurements  made  by  other  SO 
GLOBEC  investigators  (Zhou  et  ai,  2004;  Klinck  et  ai,  2004)  suggest  the  possible 
existence  of  a  small  gyre  in  the  northern  end  of  Marguerite  Bay,  a  notion  that  is 
supported  by  the  dynamic  height  contours  presented  here.  Such  a  gyre  could  serve  to 
retain  zooplankton  in  this  region,  keeping  volume  backscattering  levels  high  in  both  fall 
and  winter. 
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2.4.3  Sources  of  acoustic  scattering 
2.4,3. a  Accuracy  of  forward  calculations 

Any  inferences  about  the  sources  of  acoustic  volume  backscattering  rely  on  the  accuracy 
of  our  forward  calculations.  Forward  predictions  of  volume  backscattering  strength  based 
on  net  samples  were  generally  lower  than  observed  volume  backscattering  levels, 
particularly  at  high  levels.  A  number  of  factors  may  have  contributed  to  this  discrepancy. 
First,  MOCNESS  tows  and  acoustic  samples  could  not  be  made  at  exactly  the  same  times 
and  locations.  High  spatial  and  temporal  variability  in  the  abundance  and  composition  of 
zooplankton  may  have  resulted  in  the  two  systems  sampling  different  communities.  This 
is  particularly  true  for  sparsely-  or  patchily-distributed  organisms  such  as  euphausiids, 
that  may  have  contributed  to  the  acoustic  measurements  but  been  missed  by  the  nets.  It  is 
pertinent  that  in  temperate  waters  typified  by  generally  higher  zooplankton  densities  and 
where  net  and  acoustic  sampling  were  co-located,  forward  calculations  have  yielded  more 
favorable  comparisons  than  seen  here  (Wiebe  et  ai,  1996;  Bucklin  et  ai,  2002). 
Furthermore,  net  studies  have  led  to  the  suggestion  that  although  the  absolute  biomass  of 
a  particular  taxon  may  vary  dramatically  in  space  or  time,  its  proportional  contribution  to 
total  zooplankton  biomass  is  generally  much  less  variable  (Wiebe  et  1992).  While 
spatial  and  temporal  variability  thus  might  contribute  to  the  discrepancy  in  magnitude 
between  predicted  and  observed  volume  backscattering,  the  predicted  relative 
contributions  of  individual  taxa  may  be  less  subject  to  such  error.  Overall,  however,  such 
variability  in  the  composition  of  zooplankton  should  only  contribute  to  the  variability  in 
the  relationship  between  observed  and  predicted  volume  backscattering,  and  does  not 
explain  the  more  systematic  offset  between  the  two  evident  at  higher  levels. 

Second,  biological  characteristics  such  as  length  distribution  can  vary  dramatically 
between  even  closely-spaced  Antarctic  krill  swarms,  and  a  single  tow  may  not  provide  an 
unbiased  estimate  of  the  length  distribution  of  krill  in  a  given  region  (Watkins  et  ai, 

1986,  1990).  Some  degree  of  uncertainty  thus  will  certainly  be  propagated  into  our 
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predictions  of  the  sources  of  scattering  due  to  error  in  the  net  catch  data  themselves. 
During  the  surveys,  it  generally  was  not  possible  to  conduct  replicate  tows  in  order  to 
constrain  this  error  quantitatively.  At  the  Marguerite  Bay  station  in  fall,  however,  three 
separate  tows  were  made  through  a  series  of  dense  euphausiids  swarms  over  the  course  of 
18  hours  and  over  a  spatial  area  of  16  x  4.5  km  (Wiebe  et  ai,  2004).  Analysis  of  the 
catches  indicated  a  marginally  non-significant  (p  -  0.065)  difference  between  tows  in 
euphausiid  length. 

Third,  some  of  the  animals  present  may  have  avoided  the  oncoming  net.  Larger  taxa  in 
particular  might  have  been  capable  of  avoidance,  despite  our  use  of  a  strobe  light  to 
reduce  such  an  effect.  Larger  animals  would  also  produce  higher  observed  volume 
backscattering  levels,  and  the  greater  offset  between  observed  and  predicted  volume 
backscattering  at  higher  scattering  levels  may  support  the  notion  that  avoidance  partially 
explains  the  difference  between  the  two.  Similar  to  the  present  results,  Zhou  et  ai  (1994) 
found  that  volume  backscattering  levels  predicted  from  net  catches  of  euphausiids 
became  increasingly  smaller  than  levels  observed  with  an  ADCP  for  higher  observed 
values,  which  they  attributed  to  avoidance  on  the  part  of  the  euphausiids. 

Finally,  some  of  the  models  and  parameters  used  in  making  forward  predictions  may  not 
have  been  appropriate  in  all  instances.  For  most  of  the  dominant  taxa,  the  models  of 
acoustic  scattering  used  here  have  been  experimentally  validated  through  comparisons  of 
model  predictions  to  measured  target  strengths  of  actual  individual  organisms  (Stanton  et 
ai,  1998;  Table  2.1).  Model  parameter  values  (e.g.,  animal  orientation),  however,  were 
occasionally  chosen  on  the  basis  of  very  little  information  (see  Table  2.1).  Sensitivity 
analyses  suggest  that  changing  parameter  values,  while  still  keeping  them  within 
biologically-plausible  ranges,  could  increase  predicted  volume  backscattering  strength  by 
only  one  to  five  decibels.  Lfncertainty  associated  with  model  parameter  values  alone 
therefore  does  not  appear  to  explain  fully  the  difference  between  predicted  and  observed 
volume  backscattering. 
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2.4.3.b  Taxonomic  composition  of  zooplankton  and  micronekton 

Given  the  preceding  discussion,  and  since  only  five  or  six  tows  were  available  per  cruise 
to  describe  such  a  large  study  area,  any  conclusions  concerning  the  sources  of  observed 
scattering  must  be  approached  with  caution.  Performing  the  forward  calculations 
furthermore  only  provides  an  indication  of  the  relative  contribution  of  each  zooplankton 
and  micronekton  taxon  to  total  volume  backscattering  in  a  given  region,  and  does  not 
allow  the  conclusion  that  these  relative  contributions  have  been  uniquely  determined. 
Nonetheless,  these  analyses  do  allow  certain  broad  inferences. 

Volume  backscattering  in  the  study  area  was  found  in  two  general  forms:  dense  patches 
of  elevated  volume  backscattering,  and  more  elongated  and  homogenous  layers.  In  fall, 
dense  and  discrete  patches  were  observed  primarily  in  Marguerite  Bay,  contributing  to 
the  high  mean  volume  backscattering  levels  and  enhanced  coefficients  of  variation  in 
volume  backscattering  observed  in  this  region.  Forward  predictions  suggest  that  these 
patches  were  composed  of  large  euphausiids.  Large  but  more  diffuse  patches  were  also 
observed  at  depth  over  the  northern  shelf.  The  composition  of  these  deep  patches  is  less 
certain,  as  we  can  not  be  certain  that  the  fall  mid-shelf  1  MOCNESS  tow  actually  passed 
through  one  of  these  patches,  but  the  catch  data  do  suggest  a  high  biomass  of  large 
euphausiids  in  this  region  and  at  the  appropriate  depths.  Dense  patches  were  less  evident 
in  Marguerite  Bay  in  winter,  but  the  MOCNESS  tow  suggested  that  large  euphausiids  and 
amphipods  made  up  the  majority  of  the  intense  scattering  layer  present  at  depths  below 
1  50  m  in  this  area.  Outside  of  these  very  distinct  patches,  the  analysis  of  net  samples 
indicated  that  the  sources  of  scattering  likely  included  a  complex  and  variable  mixture  of 
taxa. 

The  dominant  feature  in  winter  was  the  dense  bottom  scattering  layer.  Copepods  were 
predicted  to  be  the  dominant  scatterer  in  this  layer,  although  two  of  the  three  MOCNESS 
tows  that  sampled  this  layer  were  the  two  instances  where  net  tows  were  separated  in 
time  from  acoustic  data  collection  by  as  much  as  30  days.  It  is  also  possible  that  some 
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taxa  were  under-sampled  to  a  greater  extent  by  the  nets  than  others,  leading  to  an 
apparent  dominance  of  these  other  taxa  (e.g.,  copepods  in  this  instance).  This  may 
particularly  be  the  case  since  predicted  volume  backscattering  strength  was  low  in 
comparison  to  measured  levels  in  the  bottom  scattering  layer,  suggesting  that  some 
portion  of  the  animals  scattering  sound  may  have  been  under-sampled.  There  is,  however, 
little  evidence  from  the  current  analyses  to  support  the  notion  that  large  euphausiids 
formed  this  bottom  layer  present  during  winter. 

2.4.3.C  Implications  to  acoustic  surveys 

An  important  finding  of  the  present  study  is  that  euphausiids  accounted  for  the  majority 
of  predicted  volume  backscattering  only  at  certain  depths  and  locations  within  the  survey 
area.  Volume  backscattering  more  typically  was  predicted  to  be  dominated  by  copepods, 
pneumatophore-bearing  siphonophores,  pteropods,  or  a  complex  mixture  of  taxa.  Where 
they  were  present,  the  relatively  rare  and  low-biomass  but  strongly  scattering  pteropods 
and  siphonophores  appeared  to  overwhelm  the  contributions  to  volume  backscattering  of 
weakly-scattering  taxa  (similar  to  observations  in  the  Gulf  of  Maine  and  on  Georges 
Bank;  Wiebe  et  aL,  1996;  Benfield  et  aL,  2003).  At  120  kHz,  small  fluid-like  animals  like 
copepods  scatter  near  the  transition  between  the  Rayleigh  and  geometric  scattering 
regions,  and  so  in  our  predictions  from  net  catches,  copepod  contributions  to  overall 
volume  backscattering  strength  never  exceeded  -80  dB.  Although  copepod  volume 
backscattering  thus  can  be  filtered  out  via  thresholding  if  larger  animals  like  euphausiids 
are  of  sole  interest,  such  levels  are  certainly  measurable  and  of  consequence  in  generally 
low-scattering  regions  such  as  the  present  study  site.  Furthermore,  copepods  frequently 
dominate  the  zooplankton  community  in  terms  of  abundance  and  biomass  (Ashjian  et  al., 
2004),  and  it  is  noteworthy  that  acoustic  data  potentially  can  provide  information  on  their 
distribution. 

Acoustic  surveys  in  the  Antarctic  have  employed  a  number  of  techniques  in  order  to 
discriminate  euphausiid  scattering  from  that  arising  from  other  animals.  Often  it  has  been 
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assumed  that  all  measured  zooplankton  volume  backscattering  above  some  minimum 
threshold  (generally  ca.  -80  dB)  stemmed  from  Antarctic  krill  (e.g.,  Macaulay  et  ai, 

1984;  Lascara  et  al.  1999;  Nicol  et  al.,  2000).  This  assumption  would  lead  to  over¬ 
estimates  of  Antarctic  krill  biomass  in  the  present  study  area,  at  least.  In  other  instances, 
visual  scrutiny  and/or  some  degree  of  trawling  has  been  employed  to  distinguish 
Antarctic  krill  patches  from  other  sources  of  volume  backscattering  such  as  myctophid 
fishes  (e.g.,  Sahrhage,  1989;  Sprong  and  Schalk,  1992;  Murray  et  aL,  1995;  Pauly  et  al., 
2000),  but  this  approach  discards  a  great  deal  of  potential  information  on  the  abundance 
of  taxa  other  than  krill. 

Differences  in  mean  volume  backscattering  strength  at  two  or  more  discrete  frequencies 
have  been  used  with  a  great  deal  of  success  to  identify  euphausiid  scattering  and  filter  out 
returns  from  other  taxa.  The  range  of  differences  in  scattering  attributable  to  particular 
euphausiid  species  has  been  based  either  on  analyses  of  patches  known  from  net  samples 
to  be  predominantly  mono-specific  (Madureira  et  al.,  1993;  Brierley  et  al.,  1998;  Watkins 
and  Brierley,  2002),  in  one  instance  in  conjunction  with  analyses  of  certain  other  patch 
characteristics  (Woodd-Walker  et  al.,  2003),  or  on  theoretical  predictions  from  target 
strength  models  (e.g.,  Hewitt  et  al.,  2003).  Such  multi-frequency  analyses  are  very 
promising,  and  perhaps  could  be  expanded  to  account  for  rare,  but  strongly-scattering 
taxa  such  as  pteropods  and  gas-bearing  siphonophores,  where  they  are  present. 


2.5  CONCLUSIONS 

Distinct  spatial  and  seasonal  patterns  were  evident  in  zooplankton  volume  backscattering 
across  the  Marguerite  Bay  continental  shelf  study  area.  During  fall,  volume 
backscattering  was  highest  in  the  southern  reaches  of  the  survey  area  and  inside 
Marguerite  Bay;  regions  also  associated  with  high  abundances  of  whales,  seals,  and  birds 
(Thiele  et  al.,  2004;  Bums  et  al.,  2004;  Chapman  et  al.,  2004,  respectively).  In  winter,  the 
dominant  scattering  feature  was  a  bottom  scattering  layer  covering  much  of  the 
continental  shelf  Downward  vertical  migrations  of  zooplankton  into  this  bottom  layer 
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may  have  contributed  to  the  observed  decrease  in  volume  backscattering  from  fall  to 
winter  in  the  mid-water,  but  may  not  account  fully  for  the  decrease  evident  in  the  water 
column  as  a  whole.  The  latter  was  probably  due  to  vertical  migrations  plus  a  combination 
of  advection  out  of  the  survey  area,  mortality,  and  horizontal  movements.  Advection 
could  have  occurred  either  via  zooplankton  in  the  northern  shelf  gyre  becoming  entrained 
into  the  ACC  or  via  the  southwest-flowing  coastal  current.  Although  the  results  from  the 
present  study  concerning  the  advection  of  zooplankton  are  equivocal,  the  possibility  that 
zooplankton  from  the  Marguerite  Bay  region  become  entrained  into  the  ACC  and 
transported  to  regions  farther  north  is  tantalizing,  and  would  support  the  hypothesis  that 
Marguerite  Bay  helps  to  sustain  the  large  downstream  euphausiid  populations  in  the 
Bransfield  Strait  and  South  Georgia  regions  (Atkinson  et  ai,  2001;  Fach  et  al.,  2002). 
Predictions  based  on  net  catches  of  the  sources  of  volume  backscattering  suggest  that 
euphausiids  were  the  dominant  scatterer  only  at  very  particular  locations  and  depths. 
Antarctic  acoustic  surveys  should  take  care  to  account  for  other  scatterers,  including  the 
abundant,  but  weakly-scattering  copepods,  and  the  relatively  rare,  but  strongly-scattering 
pteropods  and  gas-bearing  siphonophores. 
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Chapter  3 

Improved  Parameterization  of  Antarctic  Krill 
Target  Strength  Models 


ABSTRACT 

There  are  historical  discrepancies  between  empirical  observations  of  Antarctic  krill  target 
strength  and  predictions  using  theoretical  scattering  models.  These  differences  are 
addressed  through  improved  understanding  of  key  model  parameters.  The  scattering 
process  was  modeled  using  the  Distorted-Wave  Bom  Approximation,  representing  the 
shape  of  the  animal  as  a  bent  and  tapered  cylinder.  Recently  published  length-based 
regressions  were  used  to  constrain  the  sound  speed  and  density  contrasts  between  the 
animal  and  the  surrounding  seawater,  rather  than  the  earlier  approach  of  using  single 
values  for  all  lengths.  To  constrain  the  parameter  governing  the  orientation  of  the  animal 
relative  to  the  incident  acoustic  wave,  direct  measurements  of  the  orientation  of  krill  in 
situ  were  made  with  a  Video  Plankton  Recorder.  In  contrast  to  previous  indirect  and 
aquarium-based  observations,  krill  were  observed  to  orient  themselves  mostly 
horizontally.  Averaging  predicted  scattering  over  the  measured  distribution  of 
orientations  resulted  in  predictions  of  target  strength  consistent  with  in  situ  measurements 
of  target  strength  of  large  krill  (mean  length  40-43  mm)  at  four  frequencies  (43-420  kHz), 
but  smaller  than  expected  under  the  semi-empirical  model  traditionally  used  to  estimate 
krill  target  strength. 
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3.1  INTRODUCTION 


The  Antarctic  krill,  Euphausia  superba  (henceforth  referred  to  as  ‘krill’),  is  a  key  species 
of  marine  zooplankton  linking  primary  producers  and  higher  predators  in  the  Southern 
Ocean  (Laws,  1 985),  and  is  also  the  subject  of  a  commercial  fishery  (Ichii,  2000). 
Abundance  surveys  for  krill  stock  assessments  and  ecological  studies  typically  employ 
acoustic  techniques,  as  acoustics  offer  the  advantage  of  continuous  surveying  over  large 
areas  in  a  short  period  of  time.  In  order  to  relate  acoustic  measurements  of  echo  energy  to 
biological  quantities  like  absolute  abundance,  however,  it  is  critical  to  understand  the 
efficiency  with  which  the  krill  scatter  sound,  expressed  in  terms  of  their  target  strength. 
The  present  work  seeks  to  address  certain  discrepancies  that  have  resulted  between 
theoretical  and  empirical  approaches  to  understanding  krill  target  strength. 

Most  modem  acoustic  surveys  for  krill,  including  those  conducted  by  the  international 
Committee  for  the  Conservation  of  Antarctic  Marine  Living  Resources  (CCAMLR;  SC- 
CAMLR,  1 99 1 ),  employ  the  semi-empirical  target  strength  model  of  Greene  et  al.  (1991). 
This  model  relates  target  strength  at  the  common  survey  frequency  of  120  kHz  linearly  to 
the  logarithm  of  krill  length,  and  was  derived  on  a  theoretical  basis  from  empirical 
observations  at  420  kHz  of  a  variety  of  crustacean  taxa  in  an  enclosure  (Greene  et  a/., 
1989;  Wiebe  et  al.,  1990).  Measurements  of  Antarctic  krill  swimming  freely  in  an 
enclosure  (Foote  et  aL,  1990)  and  in  situ  observations  (Hewitt  and  Demer,  1991)  have 
yielded  estimates  of  krill  target  strength  consistent  with  the  Greene  et  al.  (1991)  model. 

Substantial  progress  has  been  made  in  the  theoretical,  physics-based  modeling  of  the 
target  strength  of  fluid-like  crustacean  zooplankton  such  as  krill  (reviewed  in  Stanton  and 
Chu,  2000).  State-of-the-art  models  employ  the  Distorted-Wave  Bom  Approximation 
(DWBA)  to  estimate  the  scattering  using  a  simplified  description  of  the  shape  of  the 
animal.  Such  an  approach  accounts  for  the  fact  that  scattering  is  a  complicated  function 
of  the  animal’s  length,  shape,  orientation,  and  acoustic  material  properties,  as  well  as  the 
frequency  being  used.  In  the  case  of  euphausiids  (the  order  encompassing  Antarctic  krill). 
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the  shape  has  typically  been  modeled  as  some  kind  of  deformed  cylinder.  Scattering  is 
integrated  along  the  lengthwise  axis  of  the  cylinder,  taking  into  account  the  phase  shift 
arising  from  deformation  of  this  axis  due  to  curvature  and  variations  in  cross-sectional 
radius  (Chu  et  aL,  1993;  Stanton  et  ai,  1993;  McGehee  et  oL,  1998;  Stanton  e/.  al.,  1998; 
Demer  and  Conti,  2003).  Lavery  et  ai  (2002)  employed  the  DWBA  to  estimate  scattering 
as  the  volume  integral  over  a  fully  3-D  representation  of  the  animal  derived  from 
computerized  tomography.  Target  strengths  predicted  by  these  theoretical  models  have 
been  verified  by  tank  observations  of  individual  tethered  animals  at  a  variety  of 
frequencies,  animal  sizes,  and  angles  of  orientation  relative  to  the  incident  acoustic  wave. 

Although  theoretical  predictions  are  mostly  consistent  with  tank-based  measurements 
where  the  exact  size,  shape,  and  angle  of  orientation  of  the  animal  are  known,  problems 
have  arisen  in  parameterizing  the  models  in  such  a  way  that  their  predictions  are 
consistent  with  the  Greene  et  aL{\99\)  relationship,  while  keeping  the  parameters  within 
biologically  plausible  ranges  (Demer  and  Conti,  2003,  2005).  In  particular,  the  greatest 
uncertainty  has  surrounded  the  parameters  governing  the  orientation  of  the  ani  mal  and  its 
acoustic  material  properties.  As  an  individual  krill  goes  from  a  horizontal  to  vertical 
orientation,  its  target  strength  as  observed  by  a  vertically  aimed  echosounder  decreases 
by  two  or  more  orders  of  magnitude  (Stanton  et  ai,  1998,  McGehee  et  al.,  1998). 
Similarly,  it  has  long  been  recognized  that  for  bodies  filled  with  fluid  similar  to  the 
surrounding  medium,  target  strength  is  highly  sensitive  to  small  changes  in  the  contrasts 
between  the  sound  speed  and  density  within  the  body  and  those  of  the  medium  (i.e.,  the 
‘acoustic  material  properties’)(Anderson,  1950;  Johnson,  1977;  Holliday  and  Pieper, 

1980;  Greenlaw  and  Johnson,  1982;  Chu  et  al.,  2000). 

In  order  to  make  field-applicable  predictions  of  target  strength,  it  is  thus  highly  important 
to  constrain  properly  these  parameters  governing  orientation  and  acoustic  material 
properties,  but  very  little  information  exists  concerning  their  natural  distribution.  Chu  et 
ai  (1993)  and  Demer  and  Conti  (2005)  have  estimated  krill  orientation  indirectly  from 
measurements  of  volume  backscattering  and  target  strength,  respectively,  but  no  direct 
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and  quantitative  measurements  exist  of  krill  in  situ  orientation.  Acoustic  material 
properties  are  typically  assumed  to  be  uniform  within  the  animal’s  body  and  constant 
with  respect  to  animal  length,  although  Chu  and  Wiebe  (2005)  have  shown  that  in  the 
Antarctic  krill  both  the  sound  speed  and  density  contrasts  are  significantly  related  to 
length.  When  McGehee  et  al.  (1998)  used  the  then  best-available  observations  made  by 
Kils  (1981)  of  krill  orientation  in  an  aquarium  and  by  Foote  (1990)  of  krill  acoustic 
material  properties  to  parameterize  a  DWBA-based  scattering  model,  their  predictions  of 
krill  target  strength  were  ca.  6  dB  lower  than  predicted  by  the  Greene  et  al.  (1991)  semi- 
empirical  relationship. 

Motivated  by  these  discrepancies  between  the  predictions  of  theoretical  scattering  models 
and  the  Greene  et  al.  (1991)  relationship,  we  seek  to  improve  model  parameterization. 
Backscattering  from  individual  krill  is  predicted  using  the  DWBA,  representing  the  shape 
of  the  animal  as  a  uniformly  bent  and  smoothly  tapered  cylinder.  Improved 
parameterization  is  achieved  by  making  direct  observations  of  krill  in  situ  orientation 
with  a  Video  Plankton  Recorder  (VPR;  Davis  et  al.,  1992).  In  contrast  to  previous  studies 
where  single  values  of  the  acoustic  material  properties  have  been  used  for  all  lengths  of 
krill,  we  also  apply  Chu  and  Wiebe’s  (2005)  length-based  regressions  of  krill  sound 
speed  and  density  contrasts.  We  further  assess  the  validity  of  this  parameterization  by 
making  in  situ  observations  of  krill  target  strength  at  four  frequencies. 


3.2  METHODS 

3.2.1  Theoretical  krill  scattering  model 

The  scattering  model  employed  here  is  the  DWBA-based  deformed  cylinder  model  with 
homogeneous  acoustic  material  properties  first  used  by  Chu  et  al.  (1 993)  and  Stanton  et 
al.  (1993),  and  expressed  more  explicitly  in  Stanton  et  al.  (1998).  The  general 
formulation  of  the  DWBA  gives  the  far-field  scattering  amplitude  in  the  backscatter 
direction  (Tbs)  for  a  body  of  finite-length  as  an  integral  over  the  body’s  volume  (Morse 
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and  Ingard,  1968).  The  DWBA  assumes  that  the  contrasts  between  the  speed  of  sound 
and  density  within  the  body  and  the  surrounding  seawater  are  small  (i.e.,  weakly 
scattering  bodies)  and  that  the  body  has  negligible  elastic  properties,  thereby  not 
supporting  shear  waves  (i.e.,  fluid-like). 

Under  the  assumption  that  the  shape  of  the  animal  can  be  approximated  as  a  deformed 
cylinder  (elongated  and  circular  in  cross-section),  Stanton  et  ai  (1998)  showed  that  the 
volume  integral  of  the  general  DWBA  formulation  can  be  reduced  to  a  line  integral  along 
the  cylinder’s  lengthwise  axis.  Various  kinds  of  cylinders  have  been  used  to  represent  the 
krill’s  irregular  shape,  ranging  through  a  progression  of  complexity  including  straight, 
smoothly  tapered,  uniformly  bent,  and  randomly  rough  cylinders,  as  well  as  the  case 
where  non-uniform  variations  in  cross-sectional  radius  are  used  to  represent  appendages 
(Stanton  and  Chu,  2000).  We  choose  to  model  the  krill’s  shape  as  a  uniformly  bent  and 
smoothly  tapered  cylinder.  This  representation  only  coarsely  captures  the  actual  shape  of 
the  animal;  additional  justification  for  not  using  a  higher  resolution  shape  description  is 
provided  in  the  discussion. 

In  the  case  of  a  uniformly  bent  cylinder  with  radius  of  curvature  pc,  Stanton  ei  al.  (1998) 
give  the  expression  for  the  scattering  amplitude  as: 


^  O 

COS^.i,, 


where  k  is  the  acoustic  wave  number  in  the  surrounding  seawater  (subscript  1)  and  the 
body  (subscript  2),  a  is  the  cross-sectional  radius  of  the  cylinder,  Yk  and  yp  are  related  to 
the  compressibilities  (/c),  densities  (p),  and  sound  speeds  (c)  of  the  surrounding  seawater 
(1)  and  the  body  (2)  following  y^  =  {k2  -  k\)1  k\,  yp  =  (p2  -pi)/p2,  and  k  =  {pc^y\j\  is  the 
Bessel  function  of  the  first  kind  of  order  one,  and  is  the  angle  between  the  incident 
wave  (ki)  and  the  cross-section  of  the  cylinder  at  each  point  along  its  axis  (Stanton  et  ai, 
1998). 
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To  accommodate  further  the  actual  shape  of  the  krill,  the  ends  of  the  cylinder  are  tapered 
by  making  the  radius  a  function  of  position  along  the  lengthwise  axis  (z): 


a(z)  = 


(3.2) 


where  qq  is  the  radius  of  the  cylinder  at  its  mid-point,  T  is  a  parameter  controlling  how 
quickly  the  cylinder  tapers,  and  L  is  the  cylinder’s  length  with  z  =  0  the  animal’s  mid¬ 
point  (Chu  et  aL,  1993). 

Approximate  solutions  can  be  found  for  limiting  expressions  of  Equation  3.1  with  respect 
to  wavelength,  but  more  typically,  the  cylinder  is  discretized  into  a  series  of  thin  disc¬ 
shaped  differential  elements  and  the  integral  performed  numerically. 

The  differential  backscattering  cross-section  (tJbs)  is  defined  as  the  square  of  the 
magnitude  of  the  backscattering  amplitude,  and  target  strength  (TS)  is  simply  abs  in 
decibel  form  (dB  relative  to  1  m^): 

TS=  l01og(Tb..=  lOlogl/bsP  (3.3) 


3.2.2  Model  parameterization 

Predictions  of  target  strength  using  the  above  model  are  clearly  dependent  on  a  variety  of 
parameters,  including  those  governing  the  animal’s  shape  (L,  ao,  T,  and  its  acoustic 
material  properties  (y^  and  yp),  and  its  orientation  (^tiu).  As  indicated  above,  the 
parameters  yK  and  yp  are  themselves  functions  of  the  sound  speed  and  density  contrasts 
between  the  animal  and  the  surrounding  medium  {h  =  C2/C1  and  g  ^  pilp\,  respectively). 
The  emphasis  here  is  on  properly  constraining  the  key  parameters  of  krill  orientation  and 
acoustic  material  properties. 
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Target  strength  was  therefore  predicted  on  the  basis  of  various  combinations  of 
orientation  and  sound  speed  and  density  contrast  values.  Predictions  at  a  frequency  of  120 
kHz  were  made  for  cylinder  lengths  of  4  to  70  mm,  in  1  mm  increments.  Predictions  were 
also  made  holding  length  constant  at  43.3  mm,  for  frequencies  of  5  to  500  kHz,  in  5  kHz 
increments. 

The  equivalent  cylinder  used  to  represent  the  krilTs  shape  was  defined  on  the  basis  of  the 
animal’s  average  radius  (ao)  and  ‘acoustic’  length  (T),  defined  as  the  distance  from  the 
anterior  of  the  eye  to  the  end  of  the  sixth  abdominal  segment  (Table  3.1),  following  the 
approach  of  Stanton  and  Chu  (2000).  Other  than  length,  the  shape  parameters  were  held 
constant  for  all  simulations:  a  slight  taper  parameter  7  of  10  was  used,  and  the  cross- 
sectional  radius  of  the  cylinder  at  its  mid-section  was  related  to  length  via  oq  ==  L/18.4. 
This  constant  was  derived  by  measuring  the  length  and  average  radius  (averaged  over  10 
measurements  along  the  animal’s  length)  of  50  preserved  krill  captured  with  nets  (see 
below).  The  radius  of  curvature  was  taken  to  be  pc  =  37,  based  on  measurements  of  50 
randomly-chosen  krill  observed  with  the  Video  Plankton  Recorder,  but  note  that 
backscattering  cross-sections  averaged  over  a  range  of  angles  of  orientation  (as  is  done 
here,  see  below)  are  mostly  independent  of  the  cylinder’s  bend,  for  pc  ^  27  (Stanton  et 
al.,  1993). 


3. 2. 2. a  Sound  speed  and  density  contrasts 

Chu  and  Wiebe  (2005)  showed  that  the  sound  speed  and  density  contrasts  of  Antarctic 
krill  are  significantly  related  to  animal  length.  The  g  and  h  values  used  to  parameterize 
the  scattering  model  were  therefore  estimated  from  their  regression  equations: 

g  =  5.439x10  '*/.  (mm)  +  1.002  (3.4) 

/;  =  4.981xl0‘'/.(mm)+  1.009  (3.5) 
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Table  3.1  -  Length  definitions.  Different  lengths  were  required  for  the  various  purposes 
of  the  present  study  due  to  differences  in  how  previous  workers  have  defined  krill  length. 
Standard  lengths  (SL)  1  and  3  are  from  Mauchline  (1980b).  AL  is  the  ‘acoustic’  length  of 
the  equivalent  cylinder  used  to  represent  the  krill’s  shape  in  modeling  krill  target 
strength. 


Name 

Definition 

Use  in  the  present  work 

Relation 
to  SL3 

SL  I 

Anterior  tip  of  rostrum  to 
posterior  end  of  iiropods 

Length  used  in  sound  speed  and  density 
contrast  regression  equations 

1.236  X  SL3 

AL 

Anterior  of  eye  to  end  of  sixth 
abdominal  segment 

Length  of  the  equivalent  cylinder  used  to 
represent  the  krill  in  modeling  target  strength 

1.069  X  SL3 

SL3 

Posterior  base  of  eye  stalk  to  end 
of  sixth  abdominal  segment 

Length  measured  in  silhouette  analysis  of 
MOCNESS  catches 

- 
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where,  length  {L)  is  Standard  Length  1  (Table  3.1).  The  acoustic  material  properties  were 
assumed  not  to  vary  within  the  animal,  and  so  single  values  for  each  of  these  parameters 
were  calculated  for  each  krill  length  examined.  For  comparison,  predictions  of  target 
strength  were  also  made  based  on  the  length-invariant  krill  material  property 
measurements  of  Foote  (1990)(g  =  1.0357,  h  =  1.0279).  The  minimum  size  of  animal 
examined  by  Chu  and  Wiebe  (2005)  was  25  mm.  Extrapolating  for  lengths  smaller  than 
this  increasingly  produced  implausibly  small  estimates  ofg  and  h.  The  material 
properties  estimated  from  the  regressions  for  a  25  mm  long  animal  therefore  were  used 
for  lengths  smaller  than  25  mm.  Note  that  the  Chu  and  Wiebe  (2005)  measurements  were 
made  on  krill  collected  in  the  same  study  area  and  at  the  same  time  of  year  (austral  fall) 
as  the  empirical  observations  of  krill  orientation  and  target  strength  described  below,  but 
a  year  later  (2002). 


3.2.2.b  Animal  orientation 

Equation  3.1  allows  the  scattering  amplitude  to  be  predicted  for  an  individual  animal  of  a 
given  length  at  a  single  angle  of  orientation  (0),  defined  as  the  angle  between  the  line 
joining  the  bent  cylinder’s  ends  and  the  horizontal  plane.  Assuming  a  vertically  aimed 
echosounder,  an  animal  oriented  horizontally  in  the  water  (0  =  0^)  is  at  normal  acoustic 
incidence.  At  the  cylinder’s  mid-point,  the  relationship  between  ^tiu  and  0  is  simply  = 
6,  while  elsewhere  along  the  cylinder’s  axis,  it  varies  due  to  the  cylinder’s  curvature. 


In  linear  echo-integration  theory,  the  echoes  from  individual  animals  within  the  acoustic 
beam  are  assumed  to  sum  incoherently  to  yield  measurements  of  volume  backscattering. 
In  order  to  simulate  the  averaging  over  ensembles  of  many  individuals  that  occurs  during 
echo-integration  surveys,  average  scattering  for  each  krill  length  investigated  was 
calculated  over  a  probability  density  function  of  angles  of  orientation  (w(^)),  following: 
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(3-6) 

0 


Average  target  strength  (averaged  with  respect  to  the  argument  of  the  logarithm)  was 
then  defined  as: 


TS^lOloga,,  (3.7) 

Average  scattering  was  calculated  in  this  way  for  the  observed  probability  density 
function  of  angles  of  orientation  described  below.  An  important  assumption  of  the 
present  work  is  that  the  distribution  of  orientations  observed  here  for  krill  of  length  3  to 
1  5  mm  (see  results  section  3.3.1)  also  applies  to  larger  individuals  (up  to  70  mm).  This 
point  will  be  addressed  in  the  discussion.  For  comparison,  average  scattering  was  also 
calculated  over  the  normal  distribution  of  orientations  observed  in  an  aquarium  by  Kils 
( 1 98 1 ),  A/'(  6?  ^  A^(45.3®,  30.4®),  where  6  is  the  mean  angle  of  orientation  and  qo  the 

associated  standard  deviation.  Similarly,  for  some  comparisons,  a  length-averaged 
predicted  scattering  was  calculated  at  each  length  under  investigation  by  averaging  over  a 
distribution  of  neighbouring  animal  lengths. 

3.2.3  Empirical  approach 

Video,  acoustic,  and  environmental  data  were  collected  from  the  RVIB  N.B.  Palmer  in 
April-June  of  2001,  as  part  of  the  U.S.  Southern  Ocean  GLOBal  ECosystems  Dynamics 
program  (GLOBEC;  Hofmann  et  al.,  2002).  The  study  site  was  a  continental  shelf  region 
west  of  the  Western  Antarctic  Peninsula  (Figure  3.1).  All  data  were  collected  with  the 
Blo-Optical  Multi-frequency  Acoustical  and  Physical  Environmental  Recorder 
(BIOMAPER-II;  Wiebe  et  al.,  2002),  a  towed  system  consisting  of  a  multi-frequency 
echosounder,  a  Video  Plankton  Recorder  (VPR),  and  an  environmental  sensor  package 
(Conductivity,  Temperature,  and  Depth  sensor;  fluorometer;  transmissometer).  The 
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Figure  3.1  -  Study  site,  covering  a  region  of  the  continental  shelf  west  of  the  Western 
Antarctic  Peninsula.  Black  lines  show  survey  transects  along  which  acoustic,  video,  and 
environmental  data  were  collected.  Circles  indicate  the  sub-sections  of  these  lines  where 
video  images  of  krill  were  captured  and  analyzed.  Contours  show  the  450  and  1000  m 
isobaths.  Laubeuf  Fjord  is  the  region  where  direct  measurements  were  made  of  krill 
target  strength  and  where  two  net  tows  sampled  acoustically-identified  krill  patches. 
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BIOMAPER-II  was  'towyoed’  obliquely  up  and  down  through  the  water  column  between 
20  and  300  m  depth  as  the  vessel  proceeded  along  the  track-line  between  stations  at  4  to  6 
knots,  and  surveying  was  conducted  around  the  clock.  Data  were  collected  along  13 
transect  lines  running  across  the  continental  shelf  and  perpendicular  to  the  Peninsula 
coastline;  sub-sections  of  these  lines  were  selected  for  analysis  of  krill  orientation  (Figure 
3.1). 

3. 2. 3. a  Measuring  the  in  situ  orientation  of  krill 

Measurements  of  krill  in  situ  orientation  were  made  directly  from  still  digital  images 
captured  from  video  collected  with  the  VPR,  in  a  similar  manner  to  Benfield  et  al. 

(2000).  The  VPR  consisted  of  a  camera  and  16  W  strobe  mounted  on  the  towbody 
forward  of  the  tow  point,  separated  by  0.5  m,  and  aimed  towards  one  another  and 
perpendicular  to  the  direction  of  the  body’s  motion.  The  field  of  view  of  the  camera  was 
calibrated  using  a  translucent  grid  placed  in  the  center  of  focus,  and  was  found  to  be  3 1  x 
24.5  mm  (width  by  height).  The  camera  sampled  at  a  rate  of  60  Hz,  synchronized  to  the 
strobe.  Video  fields  were  time  stamped  and  digitized  at  a  resolution  of  640  by  207  pixels. 
Regions  of  each  field  that  were  in  focus  were  automatically  extracted,  and  saved  as 
Tagged  Image  File  Format  (tif)  images  (see  Davis  et  al.  (1996)  for  additional  details). 

These  images  were  then  visually  examined  and  only  images  that  were  definitely  krill, 
where  the  animal’s  whole  body  was  in  the  frame,  and  the  image  was  in  focus,  were  used 
for  further  analysis.  In  response  to  vigorous  disturbances,  krill  are  known  to  perform  a 
rapid  tail-flip  response  (O’Brien,  1987).  Animals  performing  such  a  tail-flip  often  were 
captured  in  video  images  (Figure  3.2a);  such  images  were  excluded  from  analysis. 

For  the  remaining  images,  the  horizontal  {dx)  and  vertical  {dy)  excursions  in  pixels  from 
the  tail  of  each  krill  to  its  eye  were  measured  (Figure  3.2b),  and  the  animal’s  angle  of 
orientation  {6)  calculated  as: 
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Figure  3.2  -  Representative  krill  images.  (A)  A  typical  krill  exhibiting  the  tail-flip  escape 
response.  (B)  A  krill  of  length  11.1  mm  oriented  at  -9.4®  relative  to  the  horizontal.  The 
horizontal  {dx)  and  vertical  {dy)  excursions  from  the  animal’s  tail  to  its  eye  were 
measured  in  pixels.  Knowing  the  size  of  the  field  of  view  in  both  pixels  and  distance,  the 
animal’s  orientation  relative  to  horizontal  {6)  and  length  {L)  were  then  calculated. 
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6  =  tan 


dy 


fov  height  mna 
fov  height  pixels 


fov  width  mm  ^ 
fov  width  pixels  j 


(3.8) 


where  fov  denotes  the  field  of  view.  Length  (L)  was  calculated  via  the  Pythagorean 
theorem.  An  animal  oriented  perfectly  horizontal  was  defined  as  being  at  an  angle  of  0*^ 
and  one  oriented  belly-up  as  180®,  with  positive  angles  indicating  a  head  upwards  tilt. 

In  order  to  use  the  horizontal  and  vertical  extent  of  the  animal  from  the  image  to  calculate 
orientation  relative  to  the  horizontal,  only  images  where  the  krill  was  perpendicular  to  the 
direction  faced  by  the  camera,  and  where  the  animal  was  in  side-view,  were  analyzed 
(Benfield  et  aL,  2000).  Identifying  animals  in  side-view  was  done  by  looking  for  overlap 
of  the  eyes  and  inspecting  the  legs.  Determining  whether  animals  were  plane  to  the 
camera  was  done  by  visually  assessing  the  ratio  of  the  vertical  to  horizontal  extent  of 
different  segments  of  the  animal. 

To  confirm  that  the  detection  and  extraction  of  krill  images  by  the  VPR  system  were  not 
biased  against  any  particular  angles  of  orientation  due  to  insufficient  illumination  or 
focus  level,  segments  of  the  raw  videotapes  were  examined  and  the  intensity  and  focus 
level  of  extracted  krill  images  analyzed  in  relation  to  the  measured  angle  of  orientation. 
No  such  bias  was  evident. 

These  measurements  of  krill  orientation  relative  to  the  reference  frame  of  the  camera  then 
had  to  be  corrected  for  the  pitch  of  the  towed  body  in  order  to  give  the  orientation  relative 
to  true  horizontal.  Data  were  collected  on  the  pitch  of  the  BIOMAPER-Il  every  five 
seconds.  To  capture  the  gross  behavior  of  the  body  while  reducing  error  associated  with 
high  frequency  variability,  the  pitch  data  were  subjected  to  a  ten-point  median  filter.  The 
filtered  pitch  observation  made  nearest  in  time  to  each  image  was  then  used  to  correct  the 
measured  angles  of  orientation.  Corrections  were  also  made  based  on  interpolations  of 
the  raw  and  median-filtered  pitch  data,  but  the  resulting  distributions  of  orientations 
differed  little  from  the  previously-described  correction  protocol.  Since  the  body’s  pitch 
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was  especially  variable  when  the  vessel  was  on  station,  only  images  collected  while  the 
vessel  was  moving  along  survey  transects  were  considered. 


3.2.3.b  Measuring  the  in  situ  target  strength  of  krill 

Measurements  of  acoustic  target  strength  were  made  at  frequencies  of  43,  120.,  200,  and 
420  kHz,  for  comparison  with  theoretical  predictions.  All  transducers  were  circular  and 
split-beam,  with  3®  half-power  beamwidths,  other  than  the  7®-wide  43  kHz  transducers. 
Each  transducer  was  acoustically  calibrated  by  the  manufacturer  (Hydroacoustic 
Technologies  Inc.,  Seattle,  WA,  USA)  prior  to  the  cruise  for  source  level,  receive 
sensitivity,  electro-mechanical  ‘stiffness’  (used  to  determine  the  position  of  a  target 
within  the  split-beam),  and  transmit  and  receive  beam  patterns.  An  in  situ  calibration  with 
a  38  mm  tungsten  carbide  (6%  cobalt)  standard  target  also  was  performed  during  a  cruise 
later  that  year.  A  10  kHz  bandwidth  chirp  pulse  was  used,  with  an  effective  pulse 
duration  of  0.18  ms,  and  a  ping  rate  of  0.3  pings  s  '.  The  system’s  dynamic  range  allowed 
target  strength  data  to  be  collected  between  -100  and  -40  dB.  Profiles  of  noise  levels 
(ship’s  noise,  ambient  noise,  and  system  noise  combined)  vs.  depth  were  made  in  situ 
near  the  start  of  each  cruise.  Target  strength  measurements  smaller  than  these  noise  levels 
were  not  recorded.  Information  on  the  target’s  location  within  the  beam  from  split-beam 
analysis  was  used  to  remove  the  effects  of  beam-pattern.  In  order  to  reduce  the  likelihood 
that  multiple  targets  were  mistakenly  accepted  as  individual  target  strengths,  only 
measurements  made  at  a  beam  pattern  factor  (an  indicator  of  off-axis  position)  between  0 
and  -3  dB,  where  the  length  of  the  received  acoustic  pulse  at  half-power  was  within 
12.5%  of  the  transmitted  pulse,  and  at  a  range  of  less  than  13  m  (8  m  for  the  43  kHz) 
were  included  for  analysis.  Densities  in  the  aggregations  were  estimated  to  be  ca.  5 
individuals  m‘^,  and  so  the  selected  maximum  ranges  limited  observations  to  cases  where 
on  average  there  was  less  than  one  animal  per  ensonified  volume. 

Measurements  of  target  strength  were  made  continuously  over  the  course  of  the  survey. 
Due  to  uncertainties  in  associating  particular  target  strength  observations  with  particular 
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taxa,  the  focus  here  is  on  measurements  made  in  Laubeuf  Fjord  at  the  end  of  the  cruise 
(Figure  3.1).  Large  patches  of  enhanced  volume  backscattering  were  present  in  this 
location  (Lawson  et  aL,  2004;  Wiebe  et  ai,  2004).  Using  a  1  m^  Multiple 
Opening/Closing  Net  and  Environmental  Sensing  System  (MOCNESS;  Wiebe  et  ai, 
1985),  8  discrete  samples  were  collected  through  these  patches  at  depths  between  50  and 
100  m,  at  each  of  two  closely  separated  tow  locations  within  the  fjord  (tow  numbers  M21 
and  M22;  Wiebe  et  al.,  2004).  Both  net  catches  and  VPR  observations  confirmed  that 
these  acoustically-observed  patches  were  composed  almost  exclusively  of  krill.  The  net 
catches  provide  an  estimate  of  the  length  distribution  of  the  krill  in  these  patches, 
allowing  the  observations  of  target  strength  to  be  associated  with  a  particular  length  range 
of  krill.  Krill  lengths  were  measured  for  an  aliquot  of  each  net  sample  using  the  silhouette 
method  of  Davis  and  Wiebe  (1985)  as  Standard  Length  3,  and  multiplied  by  constant 
scaling  factors  to  arrive  at  the  lengths  used  for  modeling  target  strength  and  estimating  g 
and //(Table  3.1). 


3.3  RESULTS 

3.3.1  In  situ  observations  of  krill  orientation 

In  total,  the  orientations  of  972  individual  krill  were  measured.  The  median  and  mean  of 
the  entire  distribution  of  measured  angles,  for  all  lengths  of  krill  observed  combined, 
were  -0.5°  and  9.7°,  respectively,  with  a  standard  deviation  of  59.3°  (Figure  3.3).  Defining 
the  dominant  mode  as  all  observations  between  -100°  and  100°,  the  median  and  mean  of 
this  mode  were  -3.4°  and  0°,  respectively,  with  a  standard  deviation  of  27.3°  (Figure  3.3). 
Two  smaller  modes  also  were  evident,  centered  near  140°  and  -160°. 

Between  day  (0900-1500h)  and  night  (1700-0700h),  the  central  mode  shifted  from 
slightly  above  0°  to  slightly  below  (/-test  for  day/night  differences  t  =  6.02,  p  <  1x10’^). 
More  observations  were  made  by  night  (625)  than  by  day  (211),  perhaps  explaining  why 
the  distribution  over  all  measurements  was  slightly  negative.  The  distribution  of  observed 
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Angle  from  horizontal  (degrees) 


Figure  3.3  -  Frequency  distribution  of  angles  of  orientation  for  all  lengths  of  ■■crill 
combined,  after  correction  for  the  pitch  of  the  towed  body.  The  median  and  raean  of  the 
entire  distribution  were  -0.5®  and  9.7®,  respectively,  with  a  standard  deviation  of  59.3®. 
Defining  the  central  mode  as  all  observations  between  -100®  and  100®,  the  median  and 
mean  of  this  mode  were  -3.4®  and  0®,  respectively,  with  a  standard  deviation  of  27.3®. 
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orientations  broadened  with  estimated  krill  length  for  lengths  between  4  and  6  mm,  and 
then  narrowed  for  greater  lengths  (Figure  3.4).  At  estimated  lengths  greater  than  6  mm, 
the  smaller  modes  near  140°  and  -160°  were  no  longer  evident. 


3.3.2  Scattering  model  predictions 

Averaging  scattering  predictions  from  the  DWBA-based  deformed  cylinder  model  over 
this  VPR-derived  distribution  of  angles  of  orientation  following  Equation  3.6  resulted  in 
higher  average  target  strengths  at  120  kHz  relative  to  krill  length  than  with  the  Kils 
(1981)  distribution  (Figure  3.5).  Although  scattering  is  a  complex  function  of  animal 
length,  shape,  orientation,  material  properties,  and  frequency,  we  choose  to  plot  target 
strength  in  relation  to  length  (specifically  the  ‘acoustic’  length  of  Table  3.1)  as  this  is  the 
parameter  most  familiar  to  biologists  and  most  relevant  to  ecological  studies.  These 
predictions  were  made  with  Foote’s  (1990)  single  values  for  the  sound  speed  and  density 
contrast  parameters  for  all  krill  lengths,  and  with  averaging  only  over  orientation  and  not 
over  length.  Note  also  that  the  VPR-derived  orientation  distribution  observed  for  krill  of 
length  3-15  mm  is  being  applied  to  a  broader  range  of  lengths  (4-70  mm).  No  difference 
was  evident  in  model  predictions  for  the  daytime  distribution  of  orientations  as  compared 
to  that  measured  at  night  (not  shown). 

When  the  length-based  regressions  of  Chu  and  Wiebe  (2005)  were  used  to  estimate  the 
material  properties  for  each  length  examined,  and  these  parameters  were  used  in 
combination  with  the  VPR-derived  distribution  of  orientations,  modeled  target  strengths 
were  smaller  than  with  the  Foote  (1990)  values  for  lengths  below  43  mm  but  larger  for 
animals  above  this  length.  To  simulate  further  the  averaging  over  ensembles  of 
individuals  that  occurs  during  echo-integration  surveys,  length-averaged  predicted 
scattering  at  each  length  under  investigation  was  calculated  over  a  normal  distribution  of 
neighbouring  animal  lengths  with  a  standard  deviation  of  15%  of  the  mean 
(corresponding  to  the  observed  length  variability  from  net  tow  M22).  This  averaging  over 
length  was  done  in  addition  to  the  averaging  over  the  observed  distribution  of 
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Figure  3.4  -  Measured  orientations  in  relation  to  kxill  length  (mm). 
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Figure  3.5  -  Krill  target  strength  (TS  )  at  120  kHz  in  relation  to  length  (mm;  Standard 
Length  2,  Table  3.1),  averaged  over  orientation.  Dashed  gray  line  shows  the  Greene  et  aL 
(1991)  and  SC-CCAMLR  (1991)  empirical  regression  line  TS  =  -127.45  +  34.85 
]ogio(length  in  mm),  where  length  is  Standard  Length  1.  All  other  lines  indicate  different 
parameterizations  of  the  theoretical  DWBA-based  bent  cylinder  model,  involving  various 
combinations  of  the  Foote  (1990)  length-invariant  sound  speed  {h)  and  density  (g) 
contrast  measurements,  the  Chu  and  Wiebe  (2005)  g  and  h  vs.  length  (L)  regressions, 
Kils’  (1981)  aquarium  observations  of  krill  orientation,  and  the  present  VPR-derived  in 
situ  orientation  measurements.  Solid  black  line  indicates  predicted  scattering  averaged 
over  a  distribution  of  lengths  (standard  deviation  =  15%  of  the  mean).  Squares  show 
median  in  situ  measurements  of  krill  target  strength  made  in  Laubeuf  Fjord  relative  to  the 
mean  length  of  krill  sampled  at  the  same  depths  and  locations  as  the  two  net  tows  (M2 1 
and  M22  as  black  and  gray  squares,  respectively).  Vertical  lines  show  10‘*^  and  90‘^ 
percentiles  of  target  strength  measurements,  dots  show  the  25'^  and  75*'^  percentiles. 
Horizontal  lines  represent  one  standard  deviation  from  the  mean  length. 
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orientations  described  above,  and  resulted  in  a  smoothing  of  the  null  in  the  target  strength 
vs.  length  relationship  beyond  55  mm  (Figure  3.5). 

In  comparison  to  the  Greene  et  <7/.  (1991)  semi-empirical  target  strength  model,  the 
present  model  parameterized  with  Chu  and  Wiebe’s  (2005)  material  property 
relationships  and  the  VPR-derived  orientation  distribution  resulted  in  lower  target 
strength  predictions  for  all  krill  lengths,  particularly  for  animals  smaller  than  25  mm  and 
larger  than  55  mm. 


3.3.3  Model  verification  with  empirical  in  situ  target  strength  observations 

In  situ  observations  of  target  strength  within  the  acoustically-observed  patches  in  the 
vicinity  of  the  two  net  tow  locations  in  Laubeuf  Fjord  were  bimodal  at  all  four 
frequencies  employed  here  (Figure  3.6).  The  length  distributions  of  krill  sampled  in  the 
two  net  tows  were  similarly  bimodal  (see  appendices  in  Wiebe  et  aL,  2004),  allowing  the 
small  and  large  modes  of  the  target  strength  distributions  to  be  associated  with  the 
corresponding  modes  evident  in  the  length  distributions.  The  small  and  large  modes  of 
the  length  distribution  from  tow  M21  had  means  of  8.4  and  40.5  mm,  respectively,  and 
for  tow  M22  were  8.4  and  43.3  mm.  For  both  tows,  the  standard  deviations  of  length 
were  22  and  15%  of  the  mean,  for  the  small  and  large  modes,  respectively. 

Determining  the  central  tendencies  for  the  target  strength  modes  was  less  straightforward, 
since  the  left-hand  tail  of  the  smaller  mode  was  cut  of  by  the  system’s  threshold  of  -100 
dB,  while  the  right-hand  tail  of  the  smaller  mode  overlapped  with  the  left-hand  tail  of  the 
larger  one  (Figure  3.6).  Such  issues  of  overlap  and  thresholding  are  well  appreciated 
(Foote  et  aL,  1986).  For  simplicity,  the  krill  target  strengths  were  assumed  to  be  Rayleigh 
distributed,  even  though  it  is  known  that  this  is  often  not  the  case  (Stanton  et  aL,  2004).  A 
Rayleigh  distribution  was  fit  to  the  smaller  mode  and  used  to  extrapolate  the  target 
strength  distributions  below  the  -100  dB  threshold  and  above  the  point  where  overlap 
began  with  the  larger  mode  (-83  dB  at  43  kHz,  and  -80  dB  at  120,  200,  and  420  kHz);  the 
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Figure  3.6  -  Frequency  distributions  of  in  situ  observed  target  strengths  at  43,  120,  200, 
and  420  kHz  measured  at  the  two  net  tow  locations  in  Laubeuf  Fjord  (M21  and  M22 
indicated  by  dark  and  light  gray  bars,  respectively). 
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larger  mode  distribution  was  similarly  extrapolated  below  this  point  of  overlap. 
Following  extrapolation,  the  median  of  each  target  strength  mode  was  calculated.  The 
magnitude  of  the  difference  between  the  medians  of  the  original  truncated  data  and  the 
extrapolated  data  never  exceeded  1  dB. 

After  extrapolation,  the  median  of  the  larger  target  strength  mode  at  120  kHz  v/as  found 
to  be  -72.8  dB  in  the  vicinity  of  both  net  tow  locations.  This  median  target  strength  for 
the  sampled  length  range  is  consistent  with  our  newly  parameterized  target  strength 
model  (Figure  3.5).  We  consider  the  median  rather  than  the  mean  of  the  target  strength 
distributions  in  order  to  reduce  any  potential  bias  towards  higher  values  due  to  erroneous 
acceptance  of  multiple  targets.  The  smaller  mode  of  the  120  kHz  target  strength 
distribution  was  centered  at  -89.3  dB  for  tow  M21  and  -89,7  dB  for  tow  M22  (Figure 
3.5). 

The  DWBA  bent  cylinder  model  parameterized  with  the  VPR-derived  distribution  of 
orientations  and  the  Chu  and  Wiebe  (2005)  material  property  relationships  was  also  used 
to  predict  the  target  strengths  at  increasing  frequencies  for  a  normal  distribution  of 
animals  with  mean  length  43.3  mm  and  a  standard  deviation  of  15%.  Median  target 
strengths  after  extrapolation  for  the  larger  modes  of  our  direct  measurements  of  target 
strength  at  all  four  frequencies  were  generally  consistent  with  the  theoretical  predictions 
(Figure  3.7).  The  measurements  at  200  kHz  compared  less  favorably  to  the  predictions, 
likely  due  to  error  associated  with  the  transducers  at  this  frequency  being  calibrated  less 
exhaustively  than  the  others. 


3,4  DISCUSSION 

Krill  observed  in  this  study  were  found  to  orient  themselves  in  a  mostly  horizontal 
fashion.  This  corresponds  to  normal  acoustic  incidence  relative  to  a  standard  vertically 
aimed  echosounder.  When  applied  in  conjunction  with  the  length-based  sound  speed  and 
density  contrast  relationships  of  Chu  and  Wiebe  (2005),  the  observed  distribution  of 
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Figure  3.7  -  Average  target  strength  in  relation  to  acoustic  frequency  (kHz).  Solid  line 
shows  the  predictions  from  the  DWBA  bent  cylinder  model  parameterized  with  the  Chu 
and  Wiebe  (2005)  material  property  relationships  and  the  VPR-derived  orientation 
distribution.  Predicted  differential  backscattering  cross-sections  were  averaged  over  a 
normal  length  distribution  with  mean  43.3  mm  and  a  standard  deviation  =  15%  of  the 
mean,  corresponding  to  the  observed  length  distribution  from  tow  M22.  Squares  indicate 
median  observed  target  strengths  at  the  four  BIOMAPER-Il  frequencies  (43,  120,  200, 
and  420  kHz)  in  the  vicinity  of  tow  M22.  Vertical  lines  show  10‘''  and  90*^  percentiles  of 
observed  target  strength;  dots  show  the  25"^  and  75"^  percentiles. 
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orientations  produced  target  strength  predictions  from  a  theoretical  DWBA-based 
scattering  model  that  are  consistent  with  in  situ  observations  of  large  krill  target  strength, 
but  smaller  than  expected  from  the  semi-empirical  model  of  Greene  et  al.  (1991). 

Very  few  previous  studies  have  examined  directly  the  orientation  of  Antarctic  krill  or 
other  euphausiids.  Based  on  the  qualitative  observations  of  divers,  Hamner  et  al.  (1983) 
reported  that  schooling  krill  are  always  aligned  uniformly  and  horizontally  within 
aggregations,  and  that  even  when  ascending  or  descending  orient  at  no  more  than  a  5°  to 
10®  angle.  Similar  to  the  present  study,  Kristensen  and  Dalen  (1986)  used  underwater 
photography  to  measure  the  orientation  of  euphausiids  (Meganyciiphanes  norxegica  and 
Thysanoessa  spp.)  in  two  Norwegian  Qords,  and  found  that  the  mean  orientation  changed 
from  slightly  positive  by  night  to  slightly  negative  during  the  day.  In  contrast, 
observations  made  with  a  camera  of  the  in  situ  orientation  of  similar  euphausiid  species 
in  the  Gulf  of  St.  Lawrence  revealed  a  shift  in  mean  orientation  from  IT  at  1400  to  51®  at 
0200,  albeit  with  fairly  high  variability  about  this  trend  (Sameoto,  1980). 

Quantitative  observations  of  krill  in  ship-board  aquaria  (with  volumes  of  0.06  -  0.22  m^) 
have  indicated  that  krill  hover  at  a  mean  angle  of  approximately  45®  from  horizontal 
(Kils,  1981;  Endo,  1993).  Kils  (1981)  also  calculated,  however,  that  it  is  energetically 
more  favourable  for  krill  to  swim  at  speeds  of  3  to  10  cm  s  '  than  to  hover,  due  to 
hydrodynamic  lift.  Kils  (1981)  further  observed  increasingly  horizontal  orientations  at 
greater  swimming  speeds,  with  speeds  of  3  to  10  cm  s  '  corresponding  to  angles  of  30®  to 
<10®  (similar  to  observations  by  Miyashita  et  al.  (1996)  of  E.  pacifica).  Our 
measurements  of  Antarctic  krill  orientation  are  thus  consistent  with  these  aquarium 
studies,  if  the  wild  krill  are  mostly  swimming  rather  than  hovering.  Supporting  this  latter 
notion,  observations  of  M  norvegica  swimming  behavior  via  acoustic  target  tracking 
revealed  that  this  euphausiid  swims  at  a  modal  speed  of  ca.  4  cm  s  ',  and  there  were 
virtually  no  observations  of  stationary  individuals  (Klevjer  and  Kaartvedt,  2003). 
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Krill  orientation  has  also  been  estimated  indirectly  from  acoustic  observations.  On  the 
basis  of  Foote  et  a/.’s  (1990)  measurements  of  krill  target  strengths  at  38  and  120  kHz  in 
an  experimental  enclosure,  and  using  the  same  theoretical  scattering  model  as  employed 
here,  Chu  et  ai  (1993)  inferred  that  the  krill  oriented  on  average  at  20^^  from  horizontal 
(A^(20®,  20"")).  More  recently,  Demer  and  Conti  (2005)  used  a  related  theoretical  scattering 
model  to  estimate  an  orientation  distribution  of  jV(15®,  5®)  from  measurements  of  volume 
backscattering  at  38  and  120  kHz  attributed  to  krill.  These  results  are  encouragingly 
similar  to  the  present  observations;  the  means  from  both  studies  fall  within  less  than  one 
standard  deviation  of  the  dominant  mode  of  the  VPR-derived  measurements.  In  order  to 
infer  orientation  from  observations  of  volume  backscattering  or  target  strength,  however, 
it  is  necessary  to  know  that  the  acoustic  measurements  stem  uniquely  from  krill  and  not 
from  other  scatterers,  and  all  other  parameters  in  the  scattering  model  must  be  properly 
constrained.  Discrepancies  between  our  measurements  of  orientation  and  those  from 
earlier  indirect  studies  may  stem  from  uncertainty  in  these  factors.  In  the  case  of  the  Chu 
et  ai  (1993)  study,  the  estimated  distribution  of  orientations  may  also  have  been  affected 
by  the  krill  being  in  an  enclosure  where  some  of  them  may  have  been  hovering.  Our 
approach  to  measuring  krill  orientation  is  appealing  as  it  captures  directly  the  in  situ 
orientation  of  the  krill  in  the  vicinity  of  a  towed  acoustic  system.  The  similarity  between 
our  measurements  of  orientation  and  the  estimates  made  by  Demer  and  Conti  (2005) 
from  a  vessel-mounted  transducer  may  also  suggest  that  the  krill  are  not  substantially 
disturbed  by  the  passage  of  the  survey  vessel. 

In  using  the  distribution  of  krill  orientations  measured  here  to  parameterize  the  theoretical 
krill  target  strength  model,  we  make  two  important  assumptions.  First,  we  assume  that  the 
orientation  distribution  for  the  sizes  of  krill  captured  by  the  video  system  (--3-15  mm) 
also  applies  to  larger  individuals.  Krill  start  to  exhibit  schooling  behavior  at  10  mm  in 
length,  and  aggregations  of  krill  at  this  size  display  characteristics  identical  to  those  of 
adults,  including  uniform  orientation  and  spacing  (Hamner  et  ai,  1989).  In  the  absence 
of  any  other  information,  it  thus  seems  reasonable  to  assume  that  both  large  and  small 
krill  possess  similar  aggregative  behaviors  and  thereby  similar  orientations. 
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Second,  we  assume  that  the  orientations  of  the  animals  observed  were  not  influenced  by 
the  presence  of  the  towed  body.  Hamner  and  Hamner  (2000)  found  that  krill  responded  to 
a  diver  transport  vehicle  towed  at  1  kn  by  swimming  horizontally  away,  but  that  tow 
speeds  of  2-4  kn  elicited  the  well-known  tail-flip  escape  response.  At  a  horizontal  tow 
speed  of  4-6  kn,  and  a  vertical  speed  of  ca.  0.2  kn,  any  krill  able  to  respond  to  the 
BIOMAPER-II  towed  body  before  being  captured  by  the  video  system  would  l)e 
expected  to  employ  the  tail-flip  response.  Many  images  of  krill  exhibiting  such  a 
response  were  indeed  captured,  but  excluded  from  analysis. 

Although  the  dominant  mode  of  krill  orientation  distribution  was  centered  at  lesser 
modes  were  present  near  140“  and  -160“.  The  exact  behavior  underlying  this  observation 
is  not  known,  but  it  is  worth  noting  that  no  krill  larger  than  6  mm  were  observed  in  this 
‘belly-up’  orientation  (although  fewer  observations  were  made  of  such  larger  animals). 
Excluding  these  smaller  modes  of  angles  from  the  orientation  distribution  used  to 
parameterize  the  acoustic  scattering  model  had  a  negligible  effect  on  predicted  target 
strengths.  This  is  due  to  the  small  size  of  these  modes  and  because  a  bent  cylinder  in 
ventral  aspect  scatters  sound  in  a  very  similar  fashion  to  one  in  dorsal  aspect. 

The  approach  to  modeling  krill  scattering  employed  here  represents  the  krill’s  shape  as  a 
uniformly  bent  and  smoothly  tapered  cylinder,  and  assumes  that  the  acoustic  material 
properties  do  not  vary  within  the  animal.  More  sophisticated  formulations  employ  higher 
resolution  shape  descriptions  to  account  for  appendages,  and  allow  for  variations  in  the 
sound  speed  and  density  contrasts  along  the  animal’s  length  (McGehee  et  al.,  1998; 
Stanton  et  al.,  1998;  Stanton  and  Chu,  2000;  Lavery  et  aL,  2002).  Similarly,  the  addition 
of  a  stochastic  phase  component  to  scattering  models  has  been  used  to  address 
differences  evident  at  angles  away  from  normal  between  model  predictions  of  krill 
scattering  and  tank-based  measurements  (Stanton  et  al.,  1998;  Demer  and  Conti,  2003). 
When  studying  the  single  ping  returns  from  individual  animals  at  discrete  angles  of 
orientation  (e.g.,  in  the  laboratory),  the  increased  accuracy  of  these  more  complicated 
models  is  desirable.  When  examining  ensembles  of  animals,  as  is  the  case  in 
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measurements  of  volume  backscattering  strength,  and  where  predicted  scattering 
averaged  over  a  distribution  of  orientations  is  dominated  by  scattering  at  normal  acoustic 
incidence,  errors  due  to  simplifications  in  the  shape  description  and  along-axis  variations 
in  material  properties  become  negligible,  as  do  the  effects  of  random  phase  variability 
(Stanton  and  Chu,  2000).  Since  the  animals  here  are  oriented  mostly  horizontally,  and 
since  our  interest  in  knowing  krill  target  strength  stems  from  a  desire  to  make  estimates 
of  biologically-meaningful  quantities  from  survey  measurements  of  volume 
backscattering,  there  is  no  need  to  move  beyond  the  lower  resolution  model,  nor  to 
include  a  random  phase  component.  Higher  resolution  shape  models  require  the 
digitization  of  the  animal’s  shape  in  2-  or  3-D,  rather  than  the  simple  measurements  of 
length,  curvature,  and  the  ratio  of  length  to  radius  required  by  the  bent  cylinder  model 
used  here.  This  latter  model  thus  has  the  advantage  of  ease  of  application  (Stanton  and 
Chu,  2000). 

Parameterizing  the  theoretical  DWBA-based  bent  and  tapered  cylinder  model  with  the 
distribution  of  orientations  measured  here  and  Chu  and  Wiebe’s  (2005)  length-based 
material  property  regressions  resulted  in  predictions  of  target  strength  in  relation  to  length 
and  frequency  that  for  larger  krill  are  consistent  with  the  present  in  situ  empirical 
observations  of  krill  target  strength.  The  congruence  in  theoretical  predictions  and 
empirical  measurements  provides  support  for  this  model  parameterization  for  the  larger 
animals  at  least.  It  is  these  larger  krill  that  are  the  subject  of  the  krill  fishery  and  the  target 
of  most  krill  acoustic  surveys. 

In  contrast,  in  situ  observations  of  the  target  strength  of  smaller  krill  were  much  higher 
than  predicted.  The  target  strengths  predicted  by  the  DWBA-based  model  for  such  sizes 
of  krill  were  approximately  -105  dB,  and  so  were  in  fact  weaker  than  the  acoustic 
system’s  minimum  detectable  level  of -100  dB.  The  empirical  measurements  for  the 
smaller  length  mode  are  thus  biased  upwards  due  to  this  threshold  to  detectability. 
Furthermore,  although  care  was  taken  to  reduce  the  possibility  that  multiple  targets  co¬ 
located  at  the  same  range  were  mistakenly  accepted  as  single  targets  in  the  analysis  of  in 
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situ  target  strength,  these  smaller  krill  were  present  at  higher  densities  than  the  larger 
individuals  (Wiebe  et  al.,  2004).  This  increases  the  likelihood  that  multiple  targets 
positively  biased  the  observed  target  strengths  for  the  smaller  krill.  It  is  also  possible  that 
certain  of  the  model  parameters  may  not  be  as  appropriate  for  smaller  individuals. 

Foote  et  al.  (1992)  provide  a  comprehensive  review  of  the  then-up-to-date  measurements 
of  target  strength  for  a  variety  of  euphausiid  species.  The  Antarctic  krill  data  reviewed 
were  of  varying  quality,  but  the  measurements  of  krill  target  strength  at  120  kHz  by  Foote 
et  al.  (1990)  and  Watkins  (1991)  were  deemed  to  be  of  high  quality.  Since  the  Foote  et  al. 
(1992)  review,  Hewitt  and  Demer  (1991)  and  Pauly  and  Penrose  (1998)  have  also 
reported  observations  of  krill  target  strength.  Most  of  these  earlier  observations  lie  above 
our  newly-parameterized  scattering  model  (Figure  3.8).  This  difference  likely  stems  from 
two  sources.  First,  experimental  error  may  tend  to  bias  the  empirical  observations;  the 
Hewitt  and  Demer  (1991)  />?  situ  measurements,  for  instanee,  are  thought  to  be  positively 
biased  by  erroneous  acceptance  of  multiple  targets  as  individual  target  strength  s  (Demer 
and  Conti,  2005),  and  the  true  target  strengths  for  the  krill  they  observed  likely  fall  closer 
to  the  predictions  of  the  present  model. 

Second,  there  may  have  existed  differences  in  the  exact  shape  and  nutritional  status  of  the 
different  krill  populations  under  investigation,  which  would  require  different  niodel 
parameter  values.  Our  surveys  were  conducted  during  austral  fall/winter  when  food 
resources  are  low,  while  previous  studies  were  mostly  of  krill  during  summer.  The 
stronger  target  strengths  measured  in  these  earlier  studies  may  relate  to  the  krill  being 
fatter  in  summer.  Properly  modeling  the  target  strengths  of  these  summertime  krill  thus 
may  require  a  smaller  ratio  of  length  to  radius  {Lia^)  than  the  value  of  18.4  used  here. 
Similarly,  the  acoustic  material  properties  may  vary  seasonally:  Foote  (1990)  measured 
material  properties  for  krill  in  summer  that  lead  to  larger  target  strength  predictions  for 
the  length  range  of  krill  he  examined  than  the  material  property  regressions  employed 
here.  Indeed,  parameterizing  the  present  scattering  model  with  T/oq  =  16  (used  previously 
by  Chu  et  al.  (1993)  for  summertime  krill)  and  Foote's  (1990)  material  property 
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Figure  3.8  -  Target  strength  at  120  kHz  in  relation  to  krill  length  (mm),  showing  the 
Greene  et  al.  (1991)  model;  the  DWBA  bent  cylinder  model  parameterized  with  the 
present  VPR-derived  distribution  of  orientations,  Chu  and  Wiebe’s  (2005)  g  and  h  vs. 
length  (L)  regressions,  and  an  L/a^  of  18.4  (measured  for  animals  in  the  present  study 
area);  and  the  model  parameterized  with  the  VPR-derived  distribution  of  orientations, 
Foote’s  (1990)  g  and  h  values,  and  an  Uao  of  16.  Also  shown  are  the  empirical  target 
strength  observations  made  in  the  present  study,  as  well  as  the  measurements  made  by 
Foote  et  al.  (1990)  of  krill  in  an  enclosure,  Hewitt  and  Demer  (1991)  of  krill  in  situ,  and 
Pauly  and  Penrose  (1998)  of  krill  in  the  laboratory,  and  the  target  strength  estimates  made 
by  Watkins  (1991)  of  krill  in  situ  from  volume  backscattering  measurements  and 
photographic  estimates  of  krill  density.  For  the  latter  study,  the  plotted  points  indicate  the 
range  of  estimated  target  strength. 


104 


measurements  results  in  predictions  of  target  strength  that  compare  more  favorably  to  the 
higher  values  in  the  range  of  previous  measurements  of  krill  target  strength  (Figure  3.8). 
This  highlights  the  importance  of  understanding  and  measuring  wherever  possible  model 
parameters  appropriate  to  each  particular  situation.  In  the  present  modeling  exercises,  all 
parameters  were  measured  for  animals  in  the  actual  study  region  at  the  time  of  surveying, 
and  reasonable  congruence  was  achieved  between  model  predictions  and  empirical 
observations.  Given  the  low  wintertime  food  conditions  experienced  by  the  krill  in  our 
study,  our  target  strength  predictions  should  perhaps  be  taken  as  a  lower  bound. 

The  Greene  et  aL  (1991)  semi-empirical  model  of  krill  target  strength  at  120  Icriz  as  a 
function  of  length  enjoys  widespread  use  in  acoustic  studies  of  Antarctic  krill.  Similar  to 
the  findings  of  earlier  studies  (McGehee  et  aL,  1998;  Demer  and  Conti,  2003,  2005),  the 
present  predictions  of  krill  target  strength  using  the  novel  model  parameterization  are  at 
least  4.4  dB  smaller  than  expected  under  the  Greene  et  ^7/.  (1991)  relationship,  for  all 
animal  lengths  investigated.  This  divergence  is  particularly  strong  for  small  lengths,  but 
Greene  et  al.  (1991)  did  not  intend  their  model  to  be  used  in  the  Rayleigh  scattering 
region  {ka  <  1).  Their  model  was  derived  from  a  linear  regression  of  empirical  target 
strength  measurements  made  at  420  kHz  in  relation  to  individual  length  (Greene  et  aL, 
1989;  Wiebe  et  aL,  1990).  The  regression  line  was  then  related  to  anticipated  target 
strengths  at  the  more  typical  survey  frequency  of  120  kHz,  on  the  theoretical  basis  of  a 
linearized  version  of  the  straight  finite  cylinder  scattering  model  (Wiebe  et  al.,  1990). 
This  approach  assumes  a  linear  relationship  between  target  strength  and  animal  length, 
although  both  theoretical  and  empirical  studies  indicate  that  this  relationship  is  non¬ 
linear,  due  to  the  complicating  influences  of  animal  length,  shape,  orientation,  and 
material  properties.  Furthermore,  the  target  strengths  of  a  variety  of  crustacean  species 
were  combined  into  the  target  strength  to  length  regression,  including  the  euphausiid 
Euphausia  pacifica  but  not  the  Antarctic  krill  itself  Some  of  the  taxa  were  of  quite 
different  body  shapes  to  krill  (e.g.,  decapods  and  copepods),  and  the  broader  body  depth 
to  length  ratios  of  these  animals  may  explain  much  of  the  difference  between  the  Greene 
et  al.  (1991)  line  and  the  current  model  predictions  for  the  relatively  thin  Antarctic  krill. 
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Greene  et  ai  (1991)  recognized  that  the  linearization  of  the  target  strength  to  length 
relationship  constituted  a  simplification  of  the  scattering  process,  and  proposed  their 
model  as  a  practical  and  highly  useful  means  of  estimating  krill  target  strength  “until 
these  theoretical  models  are  better  developed.”  Since  the  Greene  et  al.{\99\)  study, 
DWBA-based  approximate  theoretical  models  of  zooplankton  scattering  have  progressed 
considerably  and  been  extensively  validated  for  normal  acoustic  incidence  or  averages 
dominated  by  normal  incidence,  especially  for  euphausiids  (reviewed  in  Stanton  and  Chu, 
2000).  Modem  theoretical  approaches  to  modeling  zooplankton  scattering  seek  to  capture 
the  non-linearities  in  the  target  strength  vs.  length  relationship,  are  not  limited  to  any 
particular  frequency  (or  assumptions  concerning  the  scaling  of  data  from  one  frequency 
to  another),  and  include  numerous  parameters  for  animal  size,  shape,  orientation,  and 
material  properties.  These  parameters  can  be  adjusted  for  different  taxa,  animal 
behaviors,  and  body  conditions,  respectively,  thereby  providing  wide  applicability  and 
substantial  flexibility.  The  strong  variability  in  target  strength  measurements  evident  in 
Figure  3.8  would  suggest  that  such  flexibility  is  highly  desirable. 


3.5  CONCLUSIONS 

Improved  understanding  of  key  model  parameters  through  direct  observations  of 
Antarctic  krill  orientation  and  application  of  recently  published  regressions  relating  sound 
speed  and  density  contrasts  to  krill  length  has  yielded  predictions  from  a  theoretical 
DWBA-based  scattering  model  that  compare  favorably  to  in  situ  measurements  of  target 
strength  of  large  krill.  The  congruence  in  theoretical  predictions  and  empirical 
observations  provides  support  for  this  new  model  parameterization,  as  well  as  further 
validation  of  the  DWBA-based  approach  to  modeling  zooplankton  scattering.  Arguably, 
the  semi-empirical  model  of  Greene  et  ai  (1991)  should  be  replaced  by  the  use  of  fully 
parameterized  and  field-validated  theoretical  scattering  models  like  the  one  developed 
here,  although  care  must  be  taken  to  constrain  properly  all  parameters  for  the  particular 
krill  population  at  hand.  Application  of  such  models  will  allow  more  accurate  estimates 
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of  biologically-meaningful  quantities  such  as  krill  abundance  and  stock  biomass  from 
observations  of  volume  backscattering. 
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Chapter  4 


Krill  Distribution  Along  the  Western  Antarctic 
Peninsula  and  Associations  With 
Environmental  Features,  Assessed  Using 
Multi-Frequency  Acoustic  Techniques 

4.1  INTRODUCTION 

The  Antarctic  krill  {Enphausia  superba)  is  a  key  prey  species  for  many  antarctic  whales, 
birds,  seals,  and  fishes  (Laws,  1 985),  is  the  subject  of  an  important  fishery  (Ichii,  2000), 
and  contributes  substantially  to  carbon  export  from  the  euphotic  zone  of  the  Southern 
Ocean  (Priddle  et  aL,  1992).  Most  Antarctic  krill  are  found  in  highly  cohesive 
aggregations,  and  like  many  zooplanktonic  or  micronektonic  species,  krill  distribution  is 
characterized  by  strong  variability  at  a  range  of  spatial  and  temporal  scales  (Miller  and 
Hampton,  1989).  As  a  characteristic  feature  of  the  antarctic  marine  ecosystem.,  such 
patchiness  is  critically  important  to  any  examination  of  ecosystem  processes  such  as 
predator-prey  interactions  or  carbon  cycling. 

Although  the  Antarctic  krill  is  a  well-studied  species  in  many  respects,  few  studies  have 
been  able  to  identify  clear  and  consistent  relationships  between  krill  distribution  and 
environmental  properties  (Trathan  et  ai,  2003;  Siegel  2005).  Furthermore,  in  comparison 
to  the  well-studied  time  periods  of  austral  spring  and  summer,  when  many  antarctic 
regions  are  ice-free  and  more  easily  accessible  to  survey  vessels,  relatively  few  studies 
have  examined  krill  distribution  during  winter  (Siegel,  1989;  Nordhausen,  1994;  Zhou  et 
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al.,  2004;  Ross  et  ai,  1996;  Lascara  et  aL,  1999).  This  is  particularly  true  for  the 
continental  shelf  region  in  and  around  Marguerite  Bay,  west  of  the  Antarctic  Peninsula 
(Lascara  et  ai  1999).  Marguerite  Bay  and  other  locations  along  the  Peninsula  are  also 
hypothesized  to  be  important  over-wintering  grounds  for  krill,  and  may  act  as  potential 
sources  for  down-stream  populations  in  the  Bransfield  Strait  and  around  South  Georgia 
(Brinton,  1991;  Huntley  and  Brinton,  1991;  Atkinson  etai,  2001;  Fach  et  ai,  2002).  The 
Marguerite  Bay  region  and  the  fall-winter  period  were  chosen  as  the  focus  for  the  U.S. 
Southern  Ocean  GLOBal  ECosystems  Dynamics  (SO  GLOBEC)  program  (Figure  4.1a). 
A  central  goal  of  the  program  is  to  identify  those  factors  that  allow  the  krill  to  over¬ 
winter  successfully,  which  includes  understanding  how  krill  distribution  relates  to 
physical  and  biological  processes,  and  in  turn  affects  the  distribution  and  dynamics  of 
higher  predators  (Hofmann  et  aL,  2002). 

The  SO  GLOBEC  study  area  is  characterized  by  intrusions  of  warm  off-shelf 
Circumpolar  Deep  Water  (CDW),  pumped  up  onto  the  shelf  at  depth  by  the  Antarctic 
Circumpolar  Current  (Figure  4.1b;  Klinck  et  ai,  2004).  This  CDW  is  enhanced  in 
nutrients  (silica  in  particular;  Serebrinnokova  and  Fanning,  2004),  and  the  intrusions  are 
thought  to  be  important  to  the  annual  cycle  of  primary  productivity  and  the  dominance  of 
diatoms  over  other  primary  producers  (Prezelin  et  aL,  2004).  The  consequences  of  these 
intrusions  to  the  krill,  however,  remain  unclear.  Analyses  of  krill  abundance  in  other 
regions  during  spring  and  summer  in  relation  to  phytoplankton  have  observed  both 
negative  and  positive  correlations  (reviewed  in  Weeks  et  aL,  1995).  A  large  and 
persistent  gyre  has  also  been  observed  over  the  northern  portion  of  the  study  region 
(Figure  4.  lb;  Smith  et  aL,  1999;  Klinck^/ a/.,  2004),  which  may  serve  to  retain 
planktonic  organisms.  Smaller  gyres  have  been  observed  in  more  coastal  reaches  of  the 
region,  with  similar  potential  effects  on  retention  (Klinck  et  al.,  2004;  Zhou  and  Dorland, 
2004).  A  coastal  current  flows  towards  the  southwest,  which  may  serve  to  advect 
zooplankton  into  or  out  of  the  study  region  (Lawson  et  ai,  2004).  In  the  case  of  krill, 
previous  studies  have  suggested  that  abundance  may  be  enhanced  in  regions  of  high 
velocity  gradients  such  as  frontal  zones,  meanders,  and  eddies  (Witek  et  aL,  1988;  Ichii  et 


Figure  4.1a  -  Southern  Ocean  GLOBEC  study  region.  Light  grey  contour  shows  the 
continental  shelf  break  (1000  m  isobath).  Grey  lines  indicate  where  acoustic  data  were 
collected  in  the  fall  of  2002,  the  survey  with  the  most  comprehensive  coverage,  with 
black  lines  and  numbers  indicating  shorter  ‘transects’  used  for  comparing  biomass 
estimates  between  surveys.  Squares  indicate  locations  selected  in  fall  2001  for 
verification  of  acoustic  methodologies:  (1)  Laubeuf  Fjord  krill  agregations,  (2)  ‘Fish’ 
patch  area,  (3)  Region  sampled  by  10  m^  MOCNESS  system  (Donnelly  et  aL,  this 
volume),  (4)  Scattering  layer,  (5)  Day  144  VPR-identified  krill  aggregation,  (6)  Day  136 
VPR-identified  krill  aggregation.  Circles  indicate  locations  selected  in  fall  2002;  (1) 
Crystal  Sound  krill  aggregations,  (2)  Day  105  VPR-identified  krill  aggregation,  (3)  Day 
125  VPR-identified  krill  aggregation. 
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Figure  4.1b  SO  GLOBEC  study  region  bathymetry  (color  scale).  Black  lines  show 
contours  of  dynamic  height  estimated  from  CTD  casts  in  fall  2001;  black  arrows  indicate 
direction  of  geostrophic  flow.  Modeling  and  empirical  studies  have  suggested  that  off- 
shelf  circumpolar  deep  water  is  pumped  up  onto  the  shelf  by  the  action  of  the  Antarctic 
Circumpolar  Current  (ACC)  primarily  at  points  where  the  deep  troughs  bisecting  the 
shelf  meet  the  shelf  break  and  where  the  shelf  break  is  strongly  curved  (Dinniman  and 
Klinck,  2004;  Klinck  et  ai,  2004);  horizontal  blue  arrows  indicate  such  locations.  Larger 
blue  arrow  indicates  the  direction  of  flow  of  the  ACC. 
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aL,  1998).  A  final  important  characteristic  of  the  study  area,  typical  of  many  antarctic 
regions,  is  that  it  is  fully  ice-covered  in  winter,  but  ice-free  in  summer  (Perovich  et  aL, 
2004). 

Ecological  studies  of  the  Antarctic  krill,  as  well  as  stock  assessment  surveys,  typically 
employ  high-frequency  acoustic  techniques  to  estimate  krill  abundance,  due  to  their 
ability  to  sample  the  water  column  to  fairly  great  depths  at  high  vertical  and  horizontal 
resolution  (reviewed  by  Hewitt  and  Demer,  2000).  Acoustic  methods,  however,  provide 
only  measurements  of  reflected  or  scattered  sound,  which  are  a  complex  function  of  the 
acoustic  frequency  employed,  the  taxonomic  composition  of  animals  present,  as  well  as 
their  size,  shape,  physical  properties,  and  behavior.  Identifying  the  particular  animals 
responsible  for  acoustic  measurements,  and  converting  such  measurements  to 
biologically-relevant  quantities  such  as  biomass  or  animal  length,  can  be  challenging 
tasks.  Methods  have  been  developed  and  verified  for  discriminating  Antarctic  krill 
scattering  from  that  of  other  animals,  capitalizing  on  taxon-specific  differences  in 
scattering  at  different  acoustic  frequencies  and  on  the  fact  that  Antarctic  krill  form  mostly 
mono-specific  aggregations  (Madureira  et  ai,  1993;  Brierley  et  al.,  1998;  Watkins  and 
Brierley,  2002;  Demer  2004).  Measurements  of  volume  backscattering  strength  attributed 
to  krill  are  then  scaled  to  estimates  of  abundance  or  biomass  via  a  model  of  the  expected 
level  of  backscattering  from  one  animal  (i.e.,  target  strength)  based  on  its  length, 
combined  with  krill  length  measurements  derived  from  nets. 

Net  samples  for  the  animal  body  length  measurements  required  by  target  strength  models 
are  always  more  sparsely  distributed  than  the  acoustic  data,  even  though  substantial 
variability  in  the  length  of  member  animals  can  exist  between  even  closely  spaced 
aggregations  (Watkins  et  ai,  1986).  Outside  of  the  Antarctic,  a  common  acoustic 
approach  is  to  take  advantage  of  known  size-  and  taxon-dependent  differences  in 
scattering  at  increasing  acoustic  frequencies  to  estimate  zooplankton  abundance  in 
incremental  length  classes  from  multi-frequency  acoustic  measurements  alone,  without 
recourse  to  nets  or  other  independent  samples  (Holliday,  1977).  Such  ‘inversions’  must 
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be  approached  with  caution,  however,  as  the  number  of  taxa  and  size  classes  that  can  be 
solved  for  is  limited  by  the  number  of  frequencies  employed  and  the  problem  can  rapidly 
become  very  complicated  for  heterogeneous  zooplankton  communities  of  multiple 
scatterer  types  (Lavery  et  aL,  submitted).  Nonetheless,  studies  of  particular  instances  of 
euphausiid  aggregations  where  only  a  single  species  was  present  with  a  single  length 
mode  have  been  able  to  estimate  animal  length  with  a  high  degree  of  accuracy  (e.g., 
Antarctic  krill,  Mitson  et  aL,  1996,  Azzali  ei  aL,  2004,  Chu  et  aL,  submitted; 
Meganyctiphanes  norvegica,  Kristensen  and  Dalen,  1982,  Warren  et  al.  2003;  Greenlaw, 
1979).  Such  studies  have  also  produced  plausible  density  estimates,  though  often  higher 
than  suggested  by  independent  net  samples.  To  our  knowledge,  such  an  approach  has  not 
been  applied  to  broad-scale  acoustic  survey  data  in  the  Antarctic,  but  could  provide  a 
powerful  tool  for  making  accurate  estimates  of  krill  density. 

The  goals  of  this  study  are  two-fold.  First,  we  seek  to  build  on  existing  methods  for 
identifying  and  delineating  aggregations  of  Antarctic  krill,  and  estimating  the  length, 
abundance,  and  biomass  of  aggregation  members,  all  on  the  basis  of  acoustic 
observations  alone.  We  further  evaluate  these  acoustic  methods  through  comparisons  to 
independent  net  and  video  samples.  Second,  we  apply  these  methods  to  multi-frequency 
acoustic  data  collected  during  broad-scale  surveys  of  the  SO  GLOBEC  study  area  during 
the  falls  and  winters  of  2001  and  2002,  in  order  to  examine  the  resultant  spatial  and 
temporal  patterns  in  the  distribution  of  krill  aggregations  in  relation  to  aspects  of  the 
physical  and  biological  environment. 


4.2  METHODS 

4.2.1  Study  area 

The  SO  GLOBEC  study  area  encompasses  a  generally  deep  continental  shelf  region 
(mostly  300-500m)  in  the  vicinity  of  Marguerite  Bay,  to  the  west  of  the  Western 
Antarctic  Peninsula  (Figure  4.1).  Four  broad-scale  survey  surveys  were  conducted  in  the 
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area  on  the  RVIB  Nathaniel  B.  Palmer,  two  surveys  during  austral  fall  (acoustic  data 
collection  from  April  29  to  June  1, 2001  and  April  14  to  May  14,  2002)  and  two  during 
winter  (July  27  to  August  24,  2001,  and  August  12  to  September  9,  2002).  Sun/ey  tracks 
were  determined  by  the  position  of  hydrographic  stations  distributed  every  10-40  km 
along  13  transect  lines  spaced  40  km  apart  and  running  across  the  continental  shelf, 
loosely  perpendicular  to  the  Peninsula  coastline  and  shelf-break. 


4.2.2  Data  collection 

Acoustic  and  video  data  were  collected  from  the  towed  platform  the  Blo-Optical  Multi¬ 
frequency  Acoustical  and  Physical  Environmental  Recorder  (BIOMAPER-II;  Wiebe  et 
aL,  2002),  which  includes  a  multi-frequency  acoustic  system,  a  Video  Plankton  Recorder 
(VPR;  Davis  et  aL,  1992),  and  an  environmental  sensing  system  (Conductivity, 
Temperature,  and  Depth  sensor  (CTD);  fluorometer;  transmissometer).  The  BIOMAPER- 
II  was  towed  obliquely  up  and  down  through  the  water  column  between  depths  of  20  and 
400  m  as  the  vessel  proceeded  along  the  survey  transects  at  speeds  of  4-6  knots,  with 
surveying  conducted  around  the  clock. 

4. 2. 2. a  Acoustic  data 

Measurements  of  volume  backscattering  strength  (6'v  =  101ogio(5’v)  in  units  of  decibels 
relative  to  1  m*',  where  is  the  volume  backscattering  coefficient)  and  target  strength 
(TS  =  lOlogio(crbs)  in  units  of  decibels  relative  to  1  m^,  where  (Jbs  is  the  differential 
backscattering  cross-section)  were  made  continuously  during  surveying  from  pairs  of  up- 
and  down-facing  split-beam  transducers  at  43,  120,  200,  and  420  kHz,  to  maximum 
ranges  of  300,  300,  150,  and  100m,  respectively.  Depending  on  the  depth  of  the  towed 
body,  this  corresponds  to  maximum  depths  of  observation  between  320  and  700m. 
Acoustic  data  were  collected  with  a  10  kHz  bandwidth  linear  frequency  modulated  (or 
'chirp’)  pulse  at  a  ping  rate  of  0.3  pings  s'',  and  the  dynamic  range  spanned  the  range  of  - 
100  to  -40  dB.  The  vertical  resolution  of  the  system  was  1.5  m  at  43  and  120  kHz,  and  1 


m  at  200  and  420  kHz.  Volume  backscattering  strength  is  derived  from  echo  intensities 
measured  as  squared  voltages;  here  these  measurements  were  integrated  over  time 
intervals  corresponding  to  the  vertical  resolution  (1.035  ms  for  1.5  m,  and  0.690  ms  for  1 
m),  and  then  averaged  for  each  depth  stratum  over  all  pings  collected  within  12  second 
intervals,  corresponding  to  a  horizontal  resolution  of  ca.  35  m,  depending  on  the  ship’s 
speed.  For  simplicity,  the  quantity  of  measured  backscattered  sound  per  unit  volume  will 
be  referred  to  as  'volume  backscattering’  and  we  will  distinguish  between  the  arithmetic 
and  logarithmic  forms  of ‘volume  backscattering  coefficient’  and  ‘volume  backscattering 
strength’  only  when  necessary. 

The  transducers  were  calibrated  by  the  manufacturer  (Hydroacoustic  Technologies  Inc., 
Seattle,  WA,  USA)  prior  to  each  survey  year,  and  in  situ  calibrations  with  tungsten 
carbide  (6%  cobalt)  spheres  of  diameters  38  and  21  mm  were  performed  during  the 
winter  2001  survey  and  both  2002  surveys.  Measurements  of  ship’s  noise,  ambient  noise, 
and  system  noise  levels  combined  were  made  in  relation  to  depth  at  the  start  of  each 
survey,  and  volume  backscattering  or  target  strength  measurements  smaller  than  these 
noise  levels  were  set  to  zero.  Additional  details  concerning  acoustic  data  collection  are 
found  in  Lawson  et  al.  (2004,  2006). 


4.2.2. b  Video  Plankton  Recorder  data 

Digital  images  of  large  krill  were  extracted  from  video  collected  with  the  VPR,  which 
consisted  of  two  cameras  and  a  16  W  strobe  mounted  on  the  BIOMAPER-II.  The 
cameras  sampled  at  a  rate  of  60  Hz,  synchronized  to  the  strobe.  Only  images  from  the 
lower-resolution  camera  (field  of  view  16.5-31  mm  wide  by  13-24.5  mm  high,  depending 
on  survey)  are  considered  here.  Regions  of  each  field  that  were  in  focus  were 
automatically  extracted  and  saved  as  time-stamped  Tagged  Image  File  Format  (tif) 
images  (Davis  et  al.,  1996).  These  files  were  then  manually  sorted  to  identify  images  of 
large  krill,  defined  as  individuals  larger  than  the  field  of  view. 
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4.2.2.C  Net  data 


Samples  of  krill  for  length  and  numerical  density  measurements  and  comparison  to 
acoustic  estimates  of  these  quantities  were  made  with  a  1-m^  Multiple  Opening/Closing 
Net  and  Environmental  Sensing  System  (MOCNESS;  Wiebe  et  ai,  1985).  Each 
MOCNESS  tow  sampled  eight  depth  strata  with  335  pm  mesh  nets.  Net  tows  were 
performed  at  17-24  stations  per  survey,  of  which  3-6  have  been  analyzed  to  date  for  each 
survey,  chosen  for  their  having  been  performed  at  similar  locations  in  all  surveys 
(Ashjian  et  al.,  2004).  Krill  lengths  were  measured  for  an  aliquot  of  each  net  sa  mple 
following  the  silhouette  method  of  Davis  and  Wiebe  (1985).  Lengths  were  measured 
from  the  posterior  base  of  the  eye  stalk  to  the  end  of  the  sixth  abdominal  segment  (i.e., 
'standard  length  3’  as  defined  by  Mauchline,  1980b).  Of  the  analyzed  net  samples,  the 
only  ones  considered  here  are  those  where  particular  krill  aggregations  observed 
acoustically  could  be  associated  unambiguously  with  the  location  and  depths  sampled  by 
individual  nets. 

4.2.3  Acoustic  analyses 

The  overall  approach  taken  here  was  first  to  identify  krill  aggregations  in  the  acoustic 
record  on  the  basis  of  a  threshold  volume  backscattering  strength  derived  from  krill 
visual  acuity  and  previously-established  expected  differences  in  mean  volume 
backscattering  strength  at  different  frequencies.  Where  available,  this  identification  was 
confirmed  on  the  basis  of  independent  VPR  observations  and  net  samples.  For  the 
resulting  identified  aggregations,  inversions  of  volume  backscattering  measurements  at 
our  four  acoustic  frequencies  were  performed  to  estimate  the  mean  length  and  numerical 
density,  and  from  these  the  biomass  density  of  animals.  Certain  measurements  of 
aggregation  position  were  also  made.  Note  that  we  use  the  word  ‘aggregation’  to  denote  a 
non-random  group  of  krill  observed  in  the  acoustic  data,  and  avoid  the  assumptions 
concerning  the  degree  of  organization  within  the  group  required  by  the  various 
established  systems  of  nomenclature  for  krill  aggregations  (e.g.,  Mauchline,  1980c). 
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The  acoustic  analyses  that  follow  all  employed  the  theory-based  krill  target  strength 
model  of  Lawson  et  ai  (2006).  This  model  represents  the  krill’s  shape  as  an  equivalent 
cylinder,  defined  on  the  basis  of  animal  length  measured  from  the  anterior  of  the  eye  to 
the  end  of  sixth  abdominal  segment.  Unless  otherwise  indicated,  all  krill  lengths  reported 
below  correspond  to  this  ‘acoustic’  length,  and  wherever  necessary,  other  length 
measurements  (e.g.,  the  lengths  from  net  samples)  were  converted  to  acoustic  length  for 
analysis. 


4. 2.3. a  Threshold  volume  backscattering  strength 

It  is  common  in  acoustic  surveys  to  filter  the  data  at  some  threshold  volume 
backscattering  strength,  typically  chosen  in  a  somewhat  arbitrary  fashion  as  the  level  that 
visually  seems  to  give  good  discrimination  of ‘target’  from  ‘background’  scattering  (e.g., 
Lascara  et  a1.,  1999),  or  in  a  phenomenological  fashion  as  the  central  tendency  of  some 
fixed-dimension  sliding  window  moved  through  the  dataset  (Tlero  and  Magnuson,  1989). 
Such  filtering  can  help  in  separating  krill  volume  backscattering  from  that  of  smaller 
and/or  more  sparsely  distributed  zooplankton.  We  define  a  threshold  level  on  the  basis  of 
the  density  of  animals  that  corresponds  to  the  maximum  sensing  distance  over  which  a 
given  animal  can  maintain  some  association  with  its  nearest  neighbor,  and  thereby  with 
the  aggregation  as  a  whole. 

Estimates  of  euphausiid  sensing  distance  have  been  made  from  a  number  of  sources, 
including  diver  observations  (1-2  m  for  E.  superba;  Ragulin,  1969),  net  avoidance  (1 .7- 
2.3  m  for  Nematoscelis  megalops;  Wiebe  et  ai,  1 982),  and  rheotactic  sensing  abilities 
(0.16-1  m  for£.  superba;  Wiese  1996,  Patria  and  Wiese,  2004).  From  such 
measurements  of  responses  mostly  to  large  objects,  it  is  difficult  to  estimate  at  what 
distance  a  krill  might  be  able  to  respond  to  conspecifics.  Maximum  sensing  distances  for 
objects  of  particular  sizes  can  also  be  estimated,  however,  based  on  visual  acuity.  Visual 
acuity  for  the  crustacean  compound  eye  is  typically  quantified  via  the  angle  between 
adjacent  receptor  cells  (i.e.,  the  inter-ommatidal  angle):  objects  that  subtend  an  arc  of  the 


same  size  as  this  angle  or  larger  can  be  detected  against  an  otherwise  homogeneous 
background  (Land  1997).  For  the  Antarctic  krill,  inter-ommatidal  angles  of  2.3  and  3.6 
degrees  have  been  measured  for  animals  of  length  34  mm  (3.6°),  42  mm,  and  49.6  mm 
(both  2.3°)(Hil]er-Adams  and  Case,  1984).  Based  on  simple  trigonometry,  these  angles 
would  suggest  that  animals  in  an  aggregation  where  the  typical  length  was  40  mm 
(corresponding  to  the  mean  length  of  animals  sampled  here,  see  below)  would  be  able  to 
detect  conspecifics  to  a  maximum  range  of  99.6  cm.  In  the  absence  of  other  information, 
we  will  use  this  vision-based  estimate  of  krill  sensing  distance. 

Given  some  average  nearest-neighbor  distance  (/)),  there  are  numerous  ways  iji  which 
animals  might  arrange  themselves  in  aggregations,  involving  various  assumptions 
concerning  the  shape  of  the  volume  inhabited  by  each  individual  and  how  these  volumes 
are  arranged  (see  Pitcher,  1973).  Hamner  and  Carleton  (1979)  indicate  that  the  most 
compact  arrangement  of  animals  involves  isahedronic  packing,  where  all  animals  are 
equidistant  from  one  another  and  the  resultant  density  of  animals  is  given  by  l  /0.589D^ . 
For  the  40  mm  krill  and  setting  the  nearest-neighbor  distance  equal  to  the  maximum 
visual  sensing  distance  of  1  m,  this  corresponds  to  a  density  of  1.7  individuals  m‘^,  and 
for  the  target  strength  of  a  40  mm  krill  predicted  by  the  Lawson  et  aL  (2006)  model,  a 
volume  backscattering  strength  at  120  kHz  of  -70.5  dB.  Since  both  the  maximum  sensing 
distance  suggested  by  visual  acuity  and  target  strength  vary  with  the  mean  length  of  krill 
in  the  aggregation,  but  in  opposing  directions,  the  estimated  threshold  volume 
backscattering  strength  for  krill  of  length  35-50  mm  varies  from  only  -70.9  to  -70.4  dB. 
We  therefore  define  the  minimum  volume  backscattering  strength  at  120  kHz  for  which  a 
given  acoustic  measurement  can  be  considered  to  be  part  of  a  krill  aggregation  as  -70  dB. 
Interestingly,  this  agrees  exactly  with  the  threshold  used  by  Hewitt  et  aL  (2003)  to 
analyze  120  kHz  single  frequency  survey  data,  defined  on  the  basis  of  compai  isons  to 
acoustic  measurements  made  when  multi-frequency  data  were  available  for  identifying 


4.2.3.b  Distinguishing  krill  scattering  from  other  sources 

Differences  between  the  mean  volume  backscattering  strength  measured  at  120  and  38 
kHz  (5MVBS)  have  been  used  successfully  to  distinguish  Antarctic  krill  from  other 
acoustic  scatterers  that  may  be  present  (e.g.,  salps,  copepods,  amphipods;  Madureira  et 
ai,  1993;  Brierley  et  al,  1998;  Watkins  and  Brierley,  2002;  Demer  2004),  sometimes  in 
combination  with  taxon-specific  differences  in  aggregation  structure  (Woodd-Walker  et 
aL,  2003).  This  method  capitalizes  on  the  fact  that  different  taxa  scatter  sound  at 
increasing  frequency  with  varying  efficiency  (Figure  4.2).  The  method  has  recently  been 
thoroughly  reviewed,  and  it  appears  that  the  approach  of  interpreting  6MVBS  values 
between  2  and  16  dB  as  being  krill  is  relatively  robust  (Watkins  and  Brierley,  2002; 
Demer,  2004).  We  therefore  apply  these  5MVBS  criteria  here. 

The  16  dB  limit  to  the  allowable  5MVBS  range  marks  scattering  from  krill  occurring  in 
the  Rayleigh  scattering  region  (Figure  4.2),  where  scattering  is  proportional  to  the  fourth 
power  of  frequency.  In  this  range,  krill  scattering  at  the  lowest  frequency  employed  here 
of  43  kHz  can  thus  be  expected  to  be  1 .6  times  as  large  as  that  at  the  frequency  of  38  kHz 
used  by  previous  studies  in  defining  the  allowable  range  of  6MVBS  values.  The  upper 
bound  to  the  range  of  5MVBS  attributable  to  krill  could  thus  be  made  smaller  to  account 
for  the  frequencies  used  in  the  present  application.  We  chose  not  to  decrease  the  upper 
bound  of  1 6  dB,  however,  primarily  because  of  issues  described  below  (section  4.3. 1  .a) 
that  emerged  with  the  43  kHz  measurements  often  appearing  artificially  low,  likely  due  to 
problems  with  noise  thresholds  and  calibration  uncertainty.  By  applying  the  more 
generous  range  of  2  to  16  dB,  we  increase  the  possibility  of  mistakenly  accepting  as  krill 
the  scattering  from  other  small  zooplankton,  but  allow  for  these  sources  of  uncertainty 
associated  with  the  measurements  made  at  43  kHz.  Furthermore,  the  target  strength 
model  of  Lawson  et  ai  (2006)  employed  here  would  predict  that  a  difference  in  the  mean 
volume  backscattering  strength  between  the  frequencies  of  120  and  43  kHz  of  16  dB 
would  correspond  to  a  krill  of  length  8  mm,  and  so  it  does  not  seem  unreasonable  to  use 
this  value  as  the  upper  bound. 
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Figure  4.2  -  Target  strength  (TS)  in  relation  to  acoustic  frequency.  Predictions  of  target 
strength  were  made  using  physics-based  models  for  35  and  42  mm-long  krill,  a  1  mm 
diameter  pteropod,  a  1.5  mm  diameter  siphonophore  pneumatophore  (a  gas-filled 
structure),  and  a  2  mm-long  copepod.  The  krill  target  strength  model  of  Lawson  et  a!., 
(2006)  was  used  for  krill.  Models  and  parameter  values  for  the  other  animals  are  the  same 
as  in  Lawson  et  al.,  (2004).  Arrows  indicate  the  Rayleigh  and  geometric  scattering 
regions  for  the  krill  curves. 
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It  is  also  important  to  note  that  the  5MVBS  method  cannot  distinguish  between  animals 
of  very  similar  sizes  and  scattering  type,  and  so  cannot  discriminate  among  the  different 
species  of  euphausiid  that  may  be  present,  including  E,  superba,  E.  crystallorophias,  E. 
frigida,  E.  triacantha,  and  Thysanoessa  macrura  (Ross  et  al.,  1996;  Ashjian  et  al.,  2004). 
Of  these,  E.frigida  and  E,  triacantha  are  not  known  to  form  aggregations  (Ross  et  ai, 
1996,  and  references  therein),  and  aggregations  of  T.  macrura  that  have  been  observed 
acoustically  have  been  reported  to  be  very  diffuse  and  “cloud-like”  (Daly  and  Macaulay, 
1988),  and  so  are  likely  excluded  from  our  analysis  by  the  threshold  scattering  level. 
Henceforth,  we  will  refer  to  acoustically-identified  aggregations  as  'krill,’  and  do  not 
attempt  to  distinguish  between  the  two  other  possible  euphausiid  species. 

4.2.3. C  Defining  aggregations 

Aggregations  were  defined  as  all  contiguous  acoustic  measurements  (or  acoustic 
‘elements’)  exceeding  the  threshold  scattering  level  and  meeting  the  5MVBS  criteria, 
where  a  given  element  was  determined  to  be  part  of  an  aggregation  if  any  of  its  eight 
neighboring  elements  also  were  in  the  aggregation  (Reid  and  Simmonds,  1993).  The 
minimum  possible  aggregation  size  was  thus  determined  by  the  size  of  one  element,  and 
so  had  a  height  of  1.5m  and  a  horizontal  length  determined  by  the  vessel’s  speed, 
typically  approximately  35m. 

4.2. 3.  d  Estimating  the  mean  length  and  density  of  krill  In  identified  aggregations 

The  abundance  of  animals  spanning  a  range  of  size  categories  can  be  estimated  on  the 
basis  of  multi-frequency  acoustic  data  alone,  following  what  is  referred  to  as  an  ‘inverse 
approach’  (Holliday  1977,  Greenlaw  1979).  Similar  to  the  6MVBS  method  described 
previously,  the  inverse  method  capitalizes  on  the  fact  that  scattering  from  zooplankton  is 
both  size-  and  frequency-dependent  (Figure  4.2).  In  brief,  for  a  given  frequency  /,  the 
volume  backscattering  coefficiently,  can  be  assumed  to  be  the  sum  over  all  Afsize 
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categories  of  the  product  of  the  expected  backscattering  cross-section  (crbs)/>  of  a  single 
animal  in  size  category  j,  and  the  number  of  animals  per  unit  volume  in  each  size  class  n/. 

7  =  1 

For  a  given  set  of  frequencies,  this  defines  a  set  of  linear  equations,  and  with 
measurements  of  and  model-estimates  of  (crbs)y,  one  can  solve  for  numerical  density  nj. 

We  assume  a  single  narrowly-distributed  length  mode  and  single  scatterer  type  (j  =  M  = 
1),  and  use  a  simple  multi-frequency  inversion  to  estimate  a  mean  length  and  numerical 
density  of  krill  in  each  acoustically-identified  aggregation.  These  assumptions  are 
appropriate  as  Antarctic  krill  are  known  to  form  mostly  mono-specific  aggregations 
(Miller  and  Hampton,  1989)  of  uni-modal  length  distributions  (Watkins,  1986).  We 
further  assume  that  other  than  length,  all  of  the  parameters  upon  which  the  expected 
backscattering  cross-section  depends,  such  as  the  acoustic  material  properties  and 
distribution  of  orientations,  are  constant  for  all  aggregations.  Finally,  we  assume  that 
density  remains  constant  throughout  the  aggregation.  These  assumptions  reduce  the 
problem  to  one  where  we  have  measurements  at  four  frequencies,  and  are  solving  for  the 
two  unknowns  of  the  mean  length  and  numerical  density  of  krill  in  each  aggregation. 

Scattering  is  a  non-linear  function  of  krill  length,  and  larger  individuals  in  the  ensonified 
volume  will  contribute  to  total  volume  backscattering  disproportionately  relative  to  their 
numerical  abundance.  We  account  for  this  non-linearity  by  estimating  the  expected 
backscattering  cross-section  of  Equation  4.1  as  a  weighted  mean  over  an  assumed  normal 
distribution  of  lengths,  centered  at  a  given  mean  length  and  with  a  standard  deviation  of 
15  %  of  the  mean  (based  on  the  measured  lengths  of  krill  sampled  by  nets  during  the  fall 
of  2001  at  Laubeuf  Fjord;  see  results).  The  expected  backscattering  cross-section  was 
also  calculated  as  a  mean  over  a  distribution  of  angles  of  orientation  (Lawson  et  aL, 
2006).  It  must  be  noted  though  that  the  estimate  of  krill  length  in  each  aggregation 
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achieved  via  the  inversion  method  is  a  mean  that  is  weighted  by  the  acoustic  scattering 
process  through  the  use  of  the  krill  scattering  model,  and  is  more  strongly  influenced  by 
the  larger  krill  present.  The  acoustically-estimated  weighted  mean  length  thus  differs 
from  the  linear  mean  that  would  be  calculated  for  a  sample  of  krill  collected  by  nets.  This 
point  will  be  revisited  later  in  making  comparisons  between  the  krill  length  estimates 
made  acoustically  to  those  made  by  nets.  For  simplicity,  this  mean  estimated  length 
weighted  by  the  acoustic  scattering  process  henceforth  will  be  referred  to  as  the 
‘weighted  mean  length.’ 

The  inversions  involved  theoretical  predictions  of  volume  backscattering  at  the  four 
BIOMAPER-Il  frequencies  that  were  generated  for  different  combinations  of  weighted 
mean  krill  length  and  numerical  density,  from  Equation  4.1  with y  =  1,  for  weighted 

mean  lengths  from  4  to  70  mm  in  0.5  mm  increments  and  for  mean  densities  from  0. 1  to 
500  individuals  m'\  in  increments  of  0.1  individuals  m'^.  By  comparing  the  resultant 
theoretical  predictions  of  s^.  to  the  average  measured  volume  backscattering  coefficient 

at  the  four  BIOMAPER-II  frequencies  (averaged  over  all  acoustic  elements  in  a  given 

krill  aggregation),  we  can  infer  the  combination  of  aggregation  weighted  mean  length  and 
density  that  is  most  likely  in  a  least-squares  sense  by  minimizing  the  error  term: 

=ZE,-^-,y  (4.2). 

i 


Because  the  acoustic  observations  of  krill  aggregations  at  43  kHz  are  often  an  order  of 
magnitude  or  more  lower  than  at  the  higher  frequencies,  this  E\  error  term  is  most 
influenced  by  these  higher  frequencies  and  penalizes  the  measurement  at  43  kHz.  The 
large  increase  from  43  to  120  kHz  represents  the  transition  from  the  Rayleigh  to 
geometric  scattering  regimes,  the  position  of  which  is  strongly  related  to  animal  length 
(Figure  4.2).  In  order  to  capture  the  most  information  from  this  transition  and  make  the 
most  accurate  possible  estimates  of  length,  we  also  developed  two  additional  error  terms, 
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designed  to  respond  more  equally  at  all  frequencies  to  departures  in  the  measured  data 
from  those  predicted: 


4 

^2  =Z0ogio-?., -logio^w)'  (4-3) 


and 


(4.4). 


This  El  term  is  similar  to  an  error  term  used  by  Chu  et  al.  (1993)  in  an  analogous  fashion 
to  estimate  the  most  likely  values  for  certain  acoustic  scattering  model  parameters. 

Unlike  Ei,  which  is  the  difference  between  predicted  and  measured  values  of  the  log- 
transformed  volume  backscattering  coefficient,  the  Chu  et  aJ.  (1993)  term  was  defined 
based  on  the  backscattering  cross-section,  but  was  similarly  based  on  the  logarithmic 
form  of  this  quantity  (i.e.,  target  strength). 


4.2.4  Estimation  of  krill  biomass 

Krill  biomass  was  examined  via  three  related  quantities:  biomass  density  (g  m  ^), 
vertically-integrated  or  water-column  estimates  of  krill  biomass  per  unit  surface  area  (g 
m'^),  and  an  index  of  total  aggregation  biomass  (kg  per  across-track  meter;  units  of 
kilograms  were  used  for  this  quantity  for  ease  of  presentation). 

Estimates  of  krill  biomass  density  were  made  by  converting  each  measurement  of  the 
volume  backscattering  coefficient  at  120  kHz  in  each  acoustically-identified  krill 
aggregation  to  an  estimate  of  krill  numerical  density,  and  then  scaling  these  niimerical 
density  estimates  to  biomass  density.  Unlike  the  inversions  for  the  weighted  mean  length 
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and  density  described  previously,  where  single  values  were  estimated  for  each 
aggregation  on  the  basis  of  mean  volume  backscattering  averaged  over  all  acoustic 
elements  in  each  aggregation,  krill  biomass  was  estimated  for  each  individual  acoustic 
element  in  each  aggregation.  The  derivation  for  the  calculation  of  numerical  density 
begins  with  the  expression  for  the  volume  backscattering  coefficient  given  in  Equation 
4.1,  in  which  the  notation  of  /  to  indicate  frequency  has  been  dropped  since  only  the 
single  frequency  of  120  kHz  was  considered: 

M 

■5.  =  (4.5), 

./=l 

where  the  expected  value  of  the  acoustic  backscattering  cross-section  for  length  class y, 
(f7bs)>  has  been  calculated  as  an  average  over  a  distribution  of  angles  of  orientation 
(Lawson  et  a/.,  2006).  Defining  the  total  numerical  density  of  krill  (A^,  individuals  m^)  as 
the  sum  over  all  M  length  classes  of  the  density  of  krill  in  each  length  class  (rij, 
individuals  m'^): 


M 

N  =  Y,n,  (4.6) 

./  =  ' 

and 

n^=Np^.  (4.7), 


where  pj  is  a  dimensionless  quantity  giving  the  fraction  of  all  krill  in  length  class y,  and  is 

M 

defined  such  that  =  1 ,  Equation  4.5  becomes: 

7  =  1 


I' 


(4.8). 
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For  a  continuous  distribution  of  lengths,  the  summation  over  discrete  length  classes  in 
Equation  4.8  can  then  be  replaced  by  the  continuous  form  of  an  integral  over  length  (L): 


=  (4.9), 

L 


where  the  acoustic  backscattering  cross-sections  for  the  discrete  length  categories  have 
been  replaced  by  a  continuous  function  over  length,  crbs(/>),  and  the  fractions  pj  of  krill  in 
each  category  have  been  replaced  by  a  probability  density  function  of  lengths  in  the 
aggregation,  vv(E).  Rearranging  terms  in  Equation  4.9  gives  the  total  density  of  krill  of  all 
lengths  as: 


L 

Similar  to  how  total  numerical  density  was  considered  to  be  the  sum  of  contributions 
from  a  series  of  discrete  length  classes,  krill  biomass  density  (p,  g  m‘^)  can  be  considered 
to  be  the  summation  over  A/ size  classes  of  the  product  of  the  wet  weight  biomass  of  one 
individual  in  length  class  j  (IVWj,  g)  and  the  numerical  density  of  krill  in  that  length  class 
(fij,  individuals  m'^): 


M 

y=i 

or,  using  Equation  4.7: 

M 

P  =  nY^WW^P^  (4.11). 

./  =  ! 


The  summation  over  discrete  length  categories  can  again  be  replaced  by  an  integral: 
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p  =  N^WW{L)w{L)dL  (4.12), 

L 

where  wet-weight  biomass,  WJV(L),  is  now  a  continuous  function  of  length.  Combining 
Equations  4. 1 0  and  4. 1 2,  biomass  density  for  an  arbitrary  distribution  of  lengths  is  given 
by; 


jlVW{L)w(L)dL 

L 

It  is  perhaps  instructive  to  note  that  in  the  limiting  case  of  a  krill  length  distribution 
consisting  of  only  a  single  length  Lq,  the  probability  density  function  w(L)  becomes  a 
delta  function,  and  the  integrals  in  Equation  4.13  reduce  significantly  to  give  the  simple 
expression: 


('^bs  (a)) 


(4.14). 


In  essence,  the  calculations  of  Equations  4.10  and  4.12  involve  scaling  the  measured 
volume  backscattering  coefficient  by  a  predicted  mean  expected  backscattering  cross- 
section  to  estimate  the  density  of  individual  krill,  and  then  by  a  predicted  mean  biomass 
per  individual  to  estimate  the  density  of  biomass.  In  both  cases,  these  are  weighted 
means,  calculated  via  the  integrals  over  the  length  probability  density  function  to  account 
for  the  fact  that  both  wet  weight  and  the  backscattering  cross-section  are  non-linear 
functions  of  length.  The  approach  of  estimating  total  biomass  density  in  a  single  species 
situation  on  the  basis  of  a  mean  backscattering  cross-section  and  mean  biomass  per 
individual  calculated  in  this  way  over  a  distribution  of  lengths  is  common  in  the  field  of 
fisheries  acoustics  (MacLennan  and  Simmonds,  1992). 
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Equation  4.13  is  valid  for  any  length  probability  density  function,  w(L),  provided  that  the 
size  classes  encompassed  by  the  length  distribution  are  detectable  by  the  acoustic  system. 
For  each  kxill  aggregation  examined  here,  the  exact  length  distribution  was  not  known. 
Like  for  the  calculations  of  the  expected  backscattering  cross-section  used  in  the 
inversion  protocol  described  above,  a  normal  distribution  was  therefore  assumed, 
centered  at  the  weighted  mean  length  estimated  by  the  acoustic  inversion,  with  a  standard 
deviation  of  15  %  of  the  mean.  This  again  assumes  that  a  single  acoustically-dominant 
length  mode  was  present  in  each  aggregation.  As  noted  earlier,  the  acoustic  inversion 
estimates  a  mean  krill  length  that  is  weighted  by  the  scattering  process  via  the  Icrill 
scattering  model.  Although  the  exact  way  in  which  this  weighted  mean  relates  to  the 
linear  mean  of  all  krill  lengths  actually  present  in  the  aggregation  is  complicated,  it  is  at 
least  self-consistent  to  use  the  weighted  mean  length  derived  from  the  inversion  to 
estimate  a  mean  target  strength  for  krill  present  in  the  aggregation,  since  both  are 
assuming  the  same  normal  distribution  of  krill  lengths  and  accounting  for  the  non-linear 
nature  of  the  relationship  between  scattering  and  krill  length  in  the  same  way. 

The  weight  to  length  relationship  employed  here  was  drawn  from  Wiebe  et  al.  (2004): 

WiV{L)=  5.5  (4.15). 

This  relationship  was  derived  from  measurements  of  krill  sampled  in  the  present  study 
region  and  gives  the  wet-weight  in  grams  based  on  length  (L)  in  millimeters,  measured  as 
standard  length  3  as  defined  by  Mauchline  (1980b).  An  estimate  of  biomass  density  was 
calculated  following  Equations  4.13  and  4.15  for  each  acoustic  element  within  each 
acoustically-identified  aggregation. 

In  cases  where  the  inverse  method  could  not  be  applied,  target  strength  was  estimated 
based  on  the  mean  length  of  krill  in  the  nearest  aggregation  found  within  a  10  km 
horizontal  radius,  50  m  vertically,  and  with  mean  volume  backscattering  strength  at  120 
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kHz  within  10  dB  of  that  of  the  aggregation  of  interest.  If  no  such  aggregation  was 
present,  the  median  over  all  inversion-estimated  lengths  for  that  survey  was  used.  In 
winter,  no  estimates  of  length  could  be  made  using  the  inverse  method,  due  to 
malfunctions  in  the  43  kHz  system  described  below  (section  4. 3.1. a).  For  these  surveys, 
the  median  length  for  the  corresponding  fall  survey  was  employed  to  estimate  single 
target  strength  values  that  were  then  applied  to  all  observed  aggregations  (37.5  and  37 
mm  in  2001  and  2002,  respectively).  The  biomass  estimates  made  for  the  winter  surveys 
should  thus  be  approached  with  greater  caution  than  those  made  in  fall,  but  as  will  be 
explained  in  the  discussion,  the  error  introduced  into  the  biomass  estimates  due  to 
uncertainty  in  krill  length  estimates  is  relatively  minor. 

Estimates  of  vertically-integrated,  or  water-column,  biomass  were  calculated  by  first 
integrating  the  estimates  of  biomass  density  over  depth  ranges  of  1-100  m,  1-600  m,  and 
101-600  m.  Note,  however,  that  this  maximum  depth  of  600  m  was  attained  only 
inconsistently  because  of  the  undulating  position  of  the  BlOMAPER-ll.  The  resulting 
vertically-integrated  estimates  of  biomass  per  unit  of  surface  area  (g  m'^)  were  then 
averaged  in  1-km  along-track  intervals.  This  transect  length  was  chosen  to  reduce  spatial 
auto-correlation  in  krill  biomass  estimates.  Such  estimates  will  be  referred  to  as 
‘vertically-integrated’  biomass,  to  distinguish  them  from  the  biomass  density  estimates 
described  in  the  previous  paragraphs  and  the  index  of  total  biomass  made  on  a  by- 
aggregation  basis  described  next. 

An  index  was  also  developed  for  the  total  biomass  of  krill  in  each  acoustically-identified 
aggregation.  This  index  was  derived  by  multiplying  each  estimate  of  biomass  density  by 
the  depth  and  along-track  distance  represented  by  that  acoustic  element,  and  then 
summing  over  all  elements  within  the  aggregation.  Since  the  across-track  extent  of  the 
aggregation  is  not  known,  it  is  not  possible  to  calculate  absolute  biomass,  and  so  the 
index  of  total  biomass  is  left  here  in  units  of  kilograms  per  across-track  meter. 
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A  variety  of  additional  measurements  were  made  for  each  krill  aggregation  identified  in 
the  acoustic  record.  The  position  of  each  aggregation  was  defined  on  the  basis  of  its 
centroid,  or  the  mean  depth  and  mean  horizontal  coordinates  of  all  acoustic 
measurements  made  in  the  aggregation.  The  depth  of  the  top  and  bottom  of  each 
aggregation  was  also  measured,  based  on  the  shallowest  and  deepest  measurements,  as 
was  the  altitude  of  the  centroid  and  bottom  of  the  aggregation  from  the  seafloor.  The 
distance  to  the  nearest  neighboring  aggregation  was  calculated  on  the  basis  of  centroid 
positions  (Nero  and  Magnuson,  1989). 

4.2.5  Analysis  of  krill  distribution  in  relation  to  environmental  features 
4.2. 5. a  Environmental  data 

Environmental  measurements  were  available  from  a  variety  of  sources.  Physical 
properties  included  temperature  and  salinity  data  recorded  by  the  BIOMAPER-II 
concurrent  to  acoustic  data  collection,  to  the  maximum  depth  reached  by  the  tow-body 
(maximally  400  m,  more  typically  250  m).  Deeper  than  this,  temperature  and  salinity  data 
were  spatially  interpolated  from  CTD  casts  at  hydrographic  stations  positioned  nominally 
every  20  km  along  the  survey  lines  (Klinck  et  al.,  2004).  CTD  casts  were  also  used  to 
determine  the  temperature  maximum  below  200  m  depth  (Tmax);  these  data  were  then 
interpolated  to  estimate  Tmax  at  the  midpoint  of  each  1-km  interval  over  which  krill 
vertically-integrated  biomass  was  averaged.  Bottom  depth  estimates  were  drav/n  from  the 
high-resolution  dataset  of  Bolmer  et  al.  (2004).  Bathymetric  slope  was  calculated  as  the 
difference  in  these  depth  estimates  between  the  locations  of  successive  measurements  by 
the  BIOMAPER-II  acoustic  system,  divided  by  the  distance  between  measurements,  and 
averaged  within  each  1-km  interval.  Interpolations  were  also  made  of  observations  of 
along-track  ice  concentration  in  tenths  made  every  six  hours  in  fall  and  nearly  every  hour 
in  winter  (C.  Fritsen,  unpublished  data;  see  U.S.  SO  GLOBEC,  2001b  and  2002b).  These 
data  were  supplemented  by  observations  made  by  bird  observers  during  daylight  survey 
periods  (Ribic  et  al.,  submitted).  Distance  to  nearest  land  was  calculated  from  the 
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midpoint  of  each  1-km  krill  biomass  interval.  A  150  kHz  Acoustic  Doppler  Current 
Profiler  (ADCP)  measured  velocity  measurements  in  8-m  depth  bins  from  a  depth  of  31 
m  to  a  maximum  of  300  or  350  m,  averaged  in  1  hour  along-track  intervals  (Klinck  et  aL, 
2004).  Assuming  an  isotropic  flow  field,  the  magnitude  of  horizontal  shear  at  depth  j  was 
estimated  from  the  East-West  and  North-South  velocity  components  (w  and  v, 
respectively)  measured  nearest  to  a  given  1-km  interval  (position  i)  and  the  previous  set 
of  measurements  (position  /  -  1),  and  the  distance  between  the  two  locations  (A^) 
following: 


dii 

- 1 

2 

-t- 

.-V.  , 

l.J  l-\J 

ds 

i 

A5  j 

V  ^  J 

(4.16). 


Chlorophyll  a  (chl-a,  in  mg  m'^)  measured  from  bottle  samples  at  hydrographic  stations 
and  integrated  to  a  depth  of  30  m,  was  interpolated  to  the  location  of  each  1-km 
vertically-integrated  biomass  estimate,  and  used  as  an  index  of  food  availability  (M. 
Vemet,  unpublished  data;  see  U.S.  SO  GLOBEC,  2001a  and  2002a).  All  interpolations 
were  done  linearly  on  the  basis  of  latitude  and  longitude. 


4.2. 5. b  Statistical  analysis 

Empirical  statistical  models,  specifically  Generalized  Additive  Models  (GAM;  Hastie  and 
Tibshirani  1990),  were  used  to  examine  the  association  of  krill  vertically-integrated 
biomass  averaged  in  1-km  along-track  intervals  with  these  properties  of  the  physical  and 
biological  environment.  GAM  is  a  regression  method  where  the  assumption  made  in 
linear  regression  modeling  of  a  Gaussian  error  structure  is  generalized  to  any  distribution 
from  the  exponential  family,  providing  greater  flexibility  in  modeling  non-normally 
distributed  data.  Furthermore,  GAMs  proceed  by  fitting  smoothing  functions  to  the 
relationship  between  the  response  and  each  predictor  variable,  and  thereby  allow  for  non¬ 
linear  relationships  (Hastie  and  Tibshirani  1990).  The  use  of  GAMs  to  examine 
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associations  between  the  results  of  acoustic  surveys  and  environmental  features  has  been 
employed  previously  for  krill  (Trathan  et  ai,  2003),  allowing  interesting  ecological 
insight. 

Three  hypotheses  in  particular  were  addressed:  1.  Krill  biomass  increases  in  regions  of 
high  food  availability,  as  indicated  by  chl-o  concentrations.  2.  Higher  krill  biomass  is 
associated  with  regions  where  recent  intrusions  of  Circumpolar  Deep  Water  (CDW)  are 
present  at  depth.  This  is  the  water  mass  suggested  by  Prezelin  et  al.  (2004)  to  be  an 
important  driver  of  primary  productivity  on  the  continental  shelf,  and  can  be  tracked  via 
the  temperature  maximum  below  a  depth  of  200  m  (Tmax;  Prezelin  et  al.,  2004;  Klinck  et 
al.,  2004).  This  hypothesis  can  thus  be  tested  by  determining  whether  krill  biomass  is 
positively  associated  with  Tmax.  3.  Krill  biomass  is  higher  in  regions  where  currents  and 
horizontal  current  shear  are  weak,  in  order  to  avoid  advection  out  of  the  area  and  having 
aggregations  being  pulled  apart  by  shear,  respectively. 

It  is  possible  that  other  measured  properties  of  the  environment  may  also  influence  krill 
distribution,  and  so  in  addition  to  these  four  variables,  multi-variate  GAM  analyses 
included  distance  to  land,  depth,  bathymetric  slope,  and  ice  concentration.  All  of  these 
variables  were  examined  together  in  order  to  assess  their  relative  importance.  By  virtue  of 
including  a  number  of  variables  where  no  prior  expectation  existed  for  a  relationship  with 
krill  biomass,  these  analyses  are  more  exploratory  than  they  are  tests  of  hypotheses. 

The  distribution  of  krill  vertically-integrated  biomass  proved  to  be  strongly  dominated  by 
an  absence  of  krill  (e.g.,  2151  observations  of  zero  g  m'^  out  of  2685  total  measurements 
in  fall  of  2002),  making  the  application  of  standard  error  distributions  for  GAM  analysis 
(e.g.,  Gaussian,  Gamma)  inappropriate.  We  therefore  followed  the  approach 
recommended  by  Barry  and  Welsh  (2002)  for  such  ‘zero-inflated’  observations,  and 
modeled  the  data  in  two  steps.  First,  a  model  was  developed  with  the  presence  or  absence 
of  krill  as  the  response  variable  in  relation  to  the  various  environmental  predictors, 
assuming  a  binomial  error  distribution  and  employing  a  logit  link  function  (i.e.,  a  logistic 


133 


regression  model).  Then  a  second  model  was  fit  to  log-transformed  krill  vertically- 
integrated  biomass,  but  only  where  it  exceeded  zero,  employing  a  Gaussian  error 
structure.  Essentially,  this  allows  the  separate  but  related  questions  of 'what  determines 
krill  habitat?’  and  ‘within  krill  habitat,  what  factors  favor  increased  biomass?’  to  be 
addressed. 

Analysis  began  with  a  model  for  the  response  variable  of  either  presence/absence  or  krill 
vertically-integrated  biomass  where  non-zero,  in  relation  to  all  predictor  variables:  chl-r/, 
Tmax,  distance  to  land,  depth,  bathymetric  slope,  ice  concentration,  current  magnitude  at 
the  depth  of  1 50  m,  and  horizontal  current  shear  at  1 50  m.  The  depth  of  1 50  m  was 
chosen  as  it  proved  to  be  the  depth  of  maximal  krill  biomass  density,  and  as  such  gave  an 
indication  of  currents  experienced  by  the  greater  part  of  the  krill.  Furthermore,  the 
patterns  described  below  concerning  the  association  of  krill  biomass  with  currents  and 
shear  at  150  m  were  highly  similar  to  the  unreported  associations  of  biomass  with 
currents  and  shear  at  shallower  depths  where  currents  were  stronger.  Each  survey  was 
considered  separately.  In  the  fall  of  2001,  virtually  no  sea  ice  was  present,  and  ice 
concentration  was  not  included  in  analysis.  Similarly,  sufficient  noise-free  ADCP-derived 
current  data  were  not  available  for  analysis  in  the  winter  surveys.  Each  variable  was 
checked  for  co-linearity  (defined  as  r  >  0.7)  with  other  predictors;  due  to  co-linearity  with 
chl-a,  measurements  made  by  the  BIOMAPER-Il  of  temperature  and  salinity  were  not 
included  in  any  analyses.  For  the  initial  model,  the  relationships  between  the  dependent 
variable  and  each  environmental  predictor  were  fit  with  spline  smoother  functions 
constrained  to  3  degrees  of  freedom,  in  order  to  allow  for  potential  non-linearities,  but 
restrict  unrealistic  features  in  the  shape  of  the  resulting  functions  (Flastie  et  aL,  2005). 

Variable  selection  then  proceeded  following  a  semi-formal  approach  consistent  with  the 
recommendations  of  Flastie  and  Tibshirani  ( 1 990).  The  effect  of  removing  each 
environmental  variable  in  turn  was  examined  and  tested  for  significance  via  a  chi-square 
test  on  the  deviance  explained  by  the  full  model  versus  that  with  the  variable  removed. 
The  variable  whose  removal  resulted  in  the  smallest  non-significant  reduction  in  deviance 
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explained  was  then  dropped.  This  was  repeated  until  any  possible  removal  resulted  in  a 
significant  decrease  in  deviance  explained.  The  goal  was  to  arrive  at  the  most 
parsimonious  model  with  the  fewest  independent  predictor  variables,  while 
simultaneously  maximizing  deviance  explained.  Similarly,  each  time  a  variable  was 
dropped  from  the  model,  it  was  determined  whether  a  linear  or  smoothing  function  (df  = 
3)  best  described  the  relationship  between  the  response  variable  and  each  remaining 
predictor.  Again  in  order  to  err  on  the  side  of  parsimony,  if  the  confidence  interval  about 
the  smoothed  function  did  not  exclude  the  possibility  of  a  linear  relationship,  then  a  linear 
function  was  adopted.  The  fraction  of  deviance  explained  ([null  deviance-residual 
deviance]/null  deviance)  was  used  to  assess  the  explanatory  power  of  each  final  model. 
All  analyses  were  done  using  the  GAM  package  in  R  (R  Development  Core  Team,  2006). 

4.3  RESULTS 

4.3.1  Application  and  verification  of  acoustic  methodologies 
4. 3.1. a  Krill  identification 

Verification  of  the  method  for  identifying  krill  in  the  acoustic  data  can  be  provided  by 
examining  5MVBS  levels  for  regions  and  depths  where  krill  were  known  to  be  present 
via  independent  lines  of  evidence.  The  two  instances  where  net  samples  can  be  associated 
with  particular  acoustically-observed  krill  aggregations  with  the  least  ambiguity  are 
Laubeuf  Fjord  in  fall  of  2001  and  Crystal  Sound  in  fall  of  2002  (Figure  4.1a).  In  these 
two  locations,  on  the  basis  of  net  catches,  krill  were  predicted  to  account  for  >  95%  of 
scattering  levels  at  120  kHz  for  the  depth  ranges  where  large  aggregations  of  enhanced 
volume  backscattering  were  evident  (calculations  explained  in  Lawson  et  al.,  2004). 
Numerous  VPR  images  of  Targe’  krill  (defined  as  individuals  larger  than  the  v/idth  of  the 
field  of  view  of  16.5-31  mm)  were  also  collected  in  these  aggregations  (Figure  4.3a). 
6MVBS  levels  observed  for  the  krill  aggregations  at  the  same  depths  and  within  a 
distance  of  400  m  horizontally  of  these  net  tows  were  10  to  14  dB,  and  thus  were  within 
the  allowable  ‘krill’  range  (Table  4.1).  Similarly,  in  other  instances  elsewhere  in  the 
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Along-track  Distance  (km) 


Figure  4.3a  -  Echogram  of  volume  backscattering  strength  at  120  kHz,  showing  a  krill 
aggregation  observed  acoustieally  between  depths  of  50  and  100  m  in  Laubeuf  Fjord 
during  the  fall  2001  cruise.  Repeat  net  samples  also  were  made  in  this  region.  Black 
circles  indicate  locations  where  large  krill  were  observed  with  the  VPR.  The  deeper  layer 
below  a  depth  of  200  m  is  likely  composed  of  a  mixture  of  copepods,  siphonophores,  and 
other  zooplankton  or  micronekton  (Lawson  et  al.,  2004). 
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Figure  4.3b  ~  Typical  homogeneous  scattering  layer  observed  in  the  northern  mid-shelf 
during  the  fall  2002  survey.  Such  layers  were  present  over  much  of  the  shelf  region 
during  both  falls,  and  are  thought  to  be  composed  of  a  mixed-zooplankton  community 
and  not  aggregating  euphausiids. 
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Figure  4.3c  -  Typical  layer  or  patch  of  enhanced  but  variable  ('speckled’)  volume 
backscattering  believed  to  be  composed  primarily  of  swimbladder-less  fishes  rather  than 
zooplankton.  Such  patches  were  present  over  much  of  the  northern  outer  shelf  region 
during  fall  2001  (Lawson  et  al.,  2004),  and  near  the  shelf  break  during  fall  2002.  White 
trace  indicates  the  path  of  the  towed  body;  black  lines  indicate  portions  of  the  aggregation 
suggestive  of  avoidance  of  the  body. 
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survey  area  when  the  BIOMAPER-II  bisected  a  krill  aggregation  and  the  VPR  was  able 
to  make  observations  of  large  krill,  5MVBS  was  always  within  the  allowable  range 
(Table  4.1). 


In  general,  portions  of  the  acoustic  record  meeting  both  the  threshold  scattering  level  and 
5MVBS  criteria  had  the  very  typical  appearance  of  krill  aggregations  (Figure  4.3a,  50- 
100  m  depth  range).  There  were,  however,  three  types  of  acoustic  feature  where  some 
acoustic  elements  met  both  criteria,  but  where  nets,  VPR  observations,  and  other  lines  of 
evidence  do  not  support  the  presence  of  krill  (Figure  4.3b,c).  These  include  the  pervasive, 
homogeneous  scattering  layers  present  over  the  mid-shelf  region  during  both  fall  surveys 
(Figure  4.3b,  >  150  m  depth),  observed  for  distances  as  long  as  100km,  and  extending 
from  between  the  surface  and  a  depth  of  150  m  to  the  bottom.  Net  samples  (Ashjian  et 
aL,  2004;  Lawson  et  ai  2004)  and  analyses  of  VPR  data  (C.  Ashjian,  unpublished  data) 
suggest  these  layers  were  composed  of  a  mixture  of  copepods,  gas-bearing 
siphonophores,  and  other  zooplankton,  rather  than  krill.  Furthermore,  averaging  over 
these  layers  in  their  entirety,  5MVBS  was  typically  greater  than  20  dB,  and  it  was  only 
some  elements  or  groups  of  elements  where  5MVBS  was  <  16  and  which  might  therefore 
be  confused  with  krill.  These  few  elements  likely  represent  the  occasional  presence  of 
larger,  stronger  scattering  animals,  such  as  siphonophores,  fish,  or  non-aggregated 
euphausiid  species.  All  elements  that  passed  the  krill  identification  criteria,  but  which 
were  visually  determined  to  be  within  a  layer,  therefore  were  excised  from  further 
analysis. 

The  second  such  feature  type  involved  large  patches  or  layers  of  enhanced,  but  variable 
(‘speckled’),  volume  backscattering  extending  horizontally  as  much  as  tens  of  kilometers 
at  depths  of  150  to  350  m  (Figure  4.3c),  where  mean  6MVBS  was  typically  4-6  dB. 
Although  this  falls  within  the  allowable  range  for  krill,  it  is  suggestive  of  mean  krill 
lengths  around  50  mm,  which  is  larger  than  was  typically  observed  in  the  region  with  nets 
(Ashjian  et  aL,  2004).  Three  additional  lines  of  evidence  suggest  that  these  layers  were 
not  comprised  of  krill,  but  rather  were  made  up  of  swimbladder-less  fishes.  First,  the 
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TABLE  4.1  (facing)  -  Krill  length  and  numerical  density  in  acoustically-observed  aggregations,  measured  by  nets  and  estimated  on 
the  basis  of  the  multi-frequency  inversion  method.  Laubeuf  Fjord  (fall  2001)  and  Crystal  Sound  (fall  2002)  were  the  two  locations 
where  nets  and  acoustics  definitely  sampled  the  same  krill  aggregations.  ‘Net  range’  refers  to  inversions  of  mean  volume 
backscattering  levels  observed  at  the  same  depths  and  in  overlapping  spatial  intervals  as  sampled  by  the  net  system,  although  at  a 
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layers  were  observed  to  avoid  the  BIOMAPER-Il  at  ranges  of  up  to  50  m  (Figure  4.3c). 
Such  large  avoidance  distances  exceed  those  previously  reported  for  the  Antarctic  kxill 
(10  m,  Everson  and  Bone,  1986),  but  have  been  observed  in  mesopelagic  fish  (e.g.,  130 
m  for  orange  roughy;  Koslow  et  aL,  1995).  Second,  median  target  strengths  at  43  kJHz 
observed  in  these  layers  were  approximately  -47  dB  (Figure  4.4),  much  stronger  than 
would  be  expected  from  krill  (-78  to  -70  dB  for  krill  of  length  43  to  50  mm,  Lawson  et 
al.,  2006). 

Finally,  although  catches  of  fish  made  with  the  1-m  mouth  opening  MOCNESS 
employed  in  the  present  broad-scale  surveys  were  low  (Ashjian  et  aL,  2004;  Lawson  et 
aL,  2004),  catches  made  with  a  10-m^  MOCNESS  by  a  companion  SO  GLOBEC  project 
(J.  Donnelly,  unpublished  data),  suggest  fish  densities  near  these  features  of  0.6  to  2.2  x 
10'^  individuals  m'^,  of  size  40  to  150  mm.  At  present  there  is  no  target  strength  model 
for  Antarctic  myctophids,  but  if  we  follow  the  approach  of  Filin  et  al.  ( 1 990)  and  use  a 
target  strength  model  for  swimbladder-less  North  Atlantic  myctophids  (Mamylov,  1988), 
these  sizes  would  predict  target  strengths  levels  of  -60  to  -45  dB  at  38  kJKz,  quite  close  to 
the  levels  observed  at  43  kHz  (Figure  4.4).  Based  on  these  estimates  of  target  strength 
and  fish  density,  we  would  expect  volume  backscattering  strengths  of  -78  to  -88  dB. 
These  are  one  to  two  orders  of  magnitude  smaller  than  mean  volume  backscattering 
strengths  observed  in  these  features,  perhaps  due  to  the  avoidance  by  the  animals  in  these 
patches  of  the  oncoming  towed  body  described  above  and  to  the  nets  integrating  over 
large  volumes  of  water  of  variable  fish  density.  Although  the  evidence  is  thus  consistent 
with  these  features  being  comprised  of  fish,  we  also  can’t  exclude  the  possible  presence 
of  other  animals,  such  as  squid,  whose  avoidance  capabilities  and  target  strengths  might 
likewise  be  consistent  with  those  observed,  but  which  might  be  strong  enough  avoiders 
that  they  are  also  under-sampled  by  the  10-m^  MOCNESS.  In  either  case,  these  ‘fish 
patches’  were  highly  recognizable  in  the  acoustic  record  (Figure  4.3c),  and  so  were 
excised  on  the  basis  of  visual  scrutiny.  A  similar  approach  for  avoiding  the  inclusion  of 
fish  scattering  based  on  a  combination  of  net  data  and  visual  assessment  has  been  taken 
in  previous  krill  surveys  (Pauly  et  al,  2000). 
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Figure  4.4  -  Target  strengths  measured  at  43  kHz  in  a  ‘fish  patch.’  Note  that  the  system’s 
dynamic  range  was  set  to  -100  to  -40  dB  to  optimize  measurements  of  target  strength  for 
zooplankton,  resulting  in  the  right-hand  tail  of  the  distribution  being  cut  off  here  due  to 
system  saturation.  In  order  to  reduce  the  likelihood  that  multiple  targets  were  mistakenly 
accepted  as  individual  target  strengths,  only  measurements  made  at  a  beam  pattern  factor 
(an  indicator  of  off-axis  position)  between  0  and  -3  dB  and  where  the  length  of  the 
received  acoustic  pulse  at  half-power  was  within  12.5%  of  the  transmitted  pulse  were 
accepted  for  analysis.  Target  strengths  were  also  lower  both  above  and  below  the  patch, 
suggesting  that  the  high  target  strengths  within  the  patch  were  not  solely  due  to  increased 
acceptance  of  multiple  targets  with  increased  range. 
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During  the  fall  2002  survey,  the  43  kHz  transducers  operated  properly  and  most 
aggregations  that  passed  the  threshold  volume  backscattering  strength  at  120  kHz  also 
fell  within  the  krill  range  of  5MVBS  (Figure  4.5).  In  contrast,  during  the  fall  2001  survey, 
there  were  numerous  aggregations  that  exceeded  the  threshold  scattering  level  but  did  not 
meet  the  5MVBS  criterion  (Figure  4.5),  despite  having  the  appearance  of  krill 
aggregations,  rather  than  fish  patches  or  mixed-zooplankton  layers.  The  43  kHz  data 
during  the  fall  of  2001  were  affected  by  a  sensitivity  issue,  likely  related  to  the  noise 
thresholds  applied  during  this  survey,  which  were  higher  than  in  the  2002  survey.  In 
general,  the  data  at  this  frequency  were  appropriately  strong  in  features  near  to  the 
transducers  where  volume  backscattering  was  also  high  at  the  higher  frequencies,  but  set 
to  zero  by  the  noise  thresholds  at  greater  ranges.  Given  the  similarity  in  volume 
backscattering  strength  at  120  kHz  for  the  fall  of  2001  and  2002  aggregations  (Figure 
4.5),  and  given  that  most  aggregations  passing  the  120  kHz  threshold  in  fall  of  2002  also 
passed  the  5MVBS  test,  we  assume  that  all  fall  2001  aggregations  that  did  not  have  the 
appearance  of  layers  or  fish  patches  and  where  6MVBS  >  2  dB  were  krill. 

In  the  winter  of  2001,  most  of  the  43  kHz  data  were  unusable  due  to  strong  noise 
associated  with  ice-breaking,  while  during  the  winter  of  2002,  both  43  kHz  transducers 
malfunctioned.  During  the  wintertime  surveys,  krill  aggregations  were  therefore 
identified  solely  on  the  basis  of  the  threshold  volume  backscattering  strength  at  120  kHz 
and  on  the  basis  of  visual  comparison  to  known  krill  aggregations  from  the  surveys 
conducted  in  fall.  This  led  to  the  exclusion  of  a  deep  scattering  layer  present  during 
winter  in  association  with  the  bottom  (see  figures  in  Lawson  et  al.,  2004).  This  layer  was 
present  over  much  of  the  continental  shelf,  extending  upwards  from  the  bottom  by 
distances  as  much  as  100  m  or  more.  In  the  few  cases  where  noise-free  measurements 
were  made  at  43  kHz  in  this  layer  during  the  winter  of  2001,  the  measured  5MVBS 
exceeded  17  dB.  Limited  net  samples  also  suggest  that  scattering  in  this  layer  was 
primarily  due  to  copepods  and  pteropods,  and  not  krill,  but  we  cannot  reject  the 
possibility  that  it  was  in  part  made  up  of  krill  (see  discussion  in  Lawson  et  al.  (2004)). 
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Figure  4.5  -  Left-hand  plots  show  differences  in  mean  volume  backscattering  strength 
between  120  and  43  kHz  (5MVBS),  for  all  aggregations  observed  during  the  fall  2001 
and  2002  surveys  that  also  passed  the  threshold  volume  backscattering  strength  at  120 
kHz  criterion.  Black  vertical  line  indicates  the  maximum  5MVBS  for  krill  of  16  dB. 
Right-hand  plots  show  mean  volume  backscattering  strength  at  120  kHz  for  these  same 
aggregations.  Due  to  issues  associated  with  the  functioning  of  the  43  kHz  system  in  fall 
of  2001,  the  5MVBS  criterion  was  only  applied  to  aggregations  detected  in  the  fall  2002 
survey.  The  threshold  volume  backscattering  strength  criterion  was  applied  in  both  falls 
(as  well  as  both  winter  surveys) 
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4.3.1.b  Estimating  krill  length  and  density 

Verification  of  the  inverse  method  for  estimating  the  weighted  mean  length  and  density 
of  krill  in  aggregations  identified  acoustically  following  the  methods  examined  above 
was  achieved  by  first  applying  it  to  aggregations  observed  in  the  two  locations  where  nets 
and  acoustics  were  most  likely  to  have  sampled  the  same  aggregations,  and  where  VPR 
observations  provided  further  confirmation  of  the  presence  of  large  krill  (Laubeuf  Fjord 
in  the  fall  of  2001  and  Crystal  Sound  in  fall  of  2002;  Figure  4.1a).  Comparisons  of 
acoustically-estimated  lengths  and  densities  to  net  samples  at  these  two  test-locations 
were  also  used  to  determine  which  of  the  three  error  terms  {E\  -  E3)  was  most  suitable  for 
application  to  the  full  acoustic  dataset,  a  necessary  step  in  making  the  biomass  estimates 
examined  in  the  biological  analyses  that  follow  in  section  4.3.2. 

Acoustic  estimates  of  weighted  mean  length  (where  the  weighting  is  by  the  acoustic 
scattering  process  via  the  scattering  model)  were  encouragingly  similar  to  the  linear  mean 
of  kjill  lengths  measured  in  net  samples,  although  consistently  slightly  smaller  than  the 
net  estimates.  In  Laubeuf  Fjord,  applying  the  inverse  method  to  volume  backscattering 
meeting  the  threshold  scattering  and  6MVBS  criteria  and  measured  at  the  same  depth  and 
spatial  region  as  the  net  samples,  separated  in  time  by  no  more  than  5  hours,  resulted  in 
weighted  mean  estimated  lengths  of  35.5  to  40.5  mm.  These  compare  favorably  to 
measurements  of  the  mean  lengths  of  large  krill  (>  20  mm)  in  net  samples  of  40. 1  to  43.6 
mm  (rows  1  -2  in  Table  4. 1 ,  and  see  Wiebe  et  aL,  2004).  In  Crystal  Sound,  the  acoustic 
estimates  ranged  from  37.5  to  38.5  mm  (depending  on  which  error  term  was  used),  again 
very  similar  to  the  net-estimated  mean  length  of  39.9  mm  (row  1 3  in  Table  4. 1 ). 

The  distribution  of  lengths  sampled  at  both  locations  was  in  fact  bimodal,  with  one  mode 
of  small  animals  (<  20  mm)  and  one  of  larger  individuals  (>  20  mm;  Figure  4.6).  The 
contribution  to  total  measured  volume  backscattering  from  these  krill  of  size  less  than  20 
mm,  however,  will  be  overwhelmed  by  the  scattering  from  the  larger  animals.  Using  the 
Lawson  et  at.  (2006)  scattering  model,  predictions  of  expected  volume  backscattering 
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Figure  4.6  -  Distribution  of  krill  lengths  estimated  with  acoustics  and  nets  for  the  two 
locations  in  the  fall  2001  and  2002  surveys  where  nets  and  acoustics  could  be 
unambiguously  associated  with  one  another:  Laubeuf  Fjord  in  fall  2001,  and  (Crystal 
Sound  in  fall  2002.  For  the  acoustics,  the  weighted  mean  lengths  estimated  by  the  inverse 
method  using  the  error  term  for  all  aggregations  observed  in  the  overall  vicinity  of  the 
net  tow  are  shown  (see  Table  4.1  for  additional  details);  frequency  distributions  show  the 
number  of  aggregations  for  which  the  mean  length  represented  by  each  length  bin  was 
estimated.  For  the  nets,  frequency  distributions  show  the  number  of  individuals  per  m^  in 
each  length  bin,  based  on  measured  samples  and  volumes  of  water  filtered,  for  tows  #24 
(fall  2001)  and  #24  (fall  2002). 
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strength  based  on  net  catches  for  the  larger  krill  alone  versus  predictions  based  on  both 
the  large  and  small  length  modes  differ  at  43  and  120  kHz  by  no  more  than  0. 1  dB  and  at 
200  and  420  kHz  by  no  more  than  0.3  dB  (see  Lawson  et  al.  (2004)  for  an  explanation  of 
the  calculations  involved).  The  contribution  of  the  smaller  length  mode  to  the  volume 
backscattering  measurements  used  to  estimate  length  should  thus  be  minor,  and  the 
acoustic  estimates  of  length  can  be  taken  as  representing  only  the  larger  length  mode  of 
the  two  modes  actually  present. 

As  noted  earlier,  scattering  is  a  non-linear  function  of  length  and  the  estimates  of  krill 
length  arrived  at  acoustically  are  weighted  by  the  scattering  process.  It  is  thus  not  entirely 
appropriate  to  compare  weighted  mean  length  estimates  to  the  linear  mean  of  the  lengths 
for  the  larger  krill  sampled  by  nets.  Scattering  from  the  larger  krill  at  the  frequencies 
other  than  43  kHz  will  be  mostly  in  the  geometric  range,  where  scattering  is  proportional 
to  the  square  of  length.  The  root-mean-square  (RMS)  of  net-sampled  lengths  might 
therefore  be  a  more  appropriate  basis  for  comparison  of  the  acoustically-estimated 
lengths;  estimates  of  the  RMS  length  from  net  samples  were  somewhat  larger  than  the 
linear  means,  but  still  compared  favorably  to  the  acoustic  estimates  (Table  4.1).  Perhaps 
more  rigorously,  the  nature  of  scattering  from  krill  of  varying  length  can  be  accounted  for 
by  calculating  a  mean  length  where  the  length  of  each  sampled  krill  (both  small  and 
large)  is  weighted  by  its  expected  backscattering  cross-section  at  120  kHz  (i.e.,  target 
strength  in  linear  form,  again  based  on  the  Lawson  et  al.  (2006)  model).  The  central 
tendency  of  the  net-sampled  lengths  calculated  in  this  way  was  also  slightly  higher  than 
the  linear  mean,  but  again  compared  favorably  to  the  estimates  yielded  by  the  acoustic 
inversion  (Table  4.1). 

Net  samples  in  the  50-100  m  depth  range  in  Laubeuf  Fjord  were  dominated  by  large  krill, 
and  for  inversions  of  acoustic  data  collected  in  this  depth  range,  all  three  error  terms 
produced  similar  length  estimates  (rows  1-2  in  Table  4.1).  For  a  shallower  net-sampled 
depth  range  (25-50  m)  dominated  by  small  krill  (mean  8.3  mm),  however,  only  the  E2 
estimated  a  small  weighted  mean  length  (row  3  in  Table  4.1).  Even  that  estimate  was 
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much  larger  than  evident  in  the  nets,  perhaps  due  to  the  influence  of  much  less  abundant 
but  strongly  scattering  larger  krill  co-located  with  these  smaller  animals.  The  E\  error 
term  produced  the  largest  length  estimates  and  the  closest  to  those  observed  in  the  nets, 
but  also  estimated  the  same  mean  length  for  regions  where  the  two  net  tows  (nos.  21  and 
22)  suggested  differing  mean  sizes.  In  contrast,  £2  and  Ej  produced  less  accurate  length 
estimates,  but  their  results  did  vary  between  these  two  regions,  increasing  as  the  net 
estimates  did  (rows  1-2  in  Table  4.1). 

Expanding  beyond  just  the  depth  ranges  sampled  by  the  nets  and  examining  all 
aggregations  identified  in  the  overall  vicinity  of  these  net  tows,  the  distribution  of 
weighted  mean  lengths  estimated  from  the  acoustic  inversion  was  somewhat  smaller,  but 
still  overlapped  substantially  with  the  larger  mode  in  the  distribution  of  net  lengths  (rows 
4-6  and  14-15  in  Table  4.1;  Figure  4.6).  Although  numerous  small  krill  (<  20  mm;  Figure 
4.6)  were  sampled  by  the  nets,  the  weighted  mean  lengths  of  animals  in  acoustically- 
identified  aggregations  estimated  by  the  inverse  method  were  much  less  often  smaller 
than  20  mm.  This  is  again  due  to  the  fact  that  mean  aggregation  volume  backscattering 
strength  will  be  dominated  by  the  scattering  from  any  large  krill  present,  even  for 
aggregations  with  numerically  abundant  small  krill. 

Further  verification  of  the  inverse  method’s  estimates  of  krill  length  at  the  Laubeuf  Fjord 
test  site  can  be  provided  by  fitting  in  situ  observations  of  target  strength  at  the  four 
BIOMAPER-Il  frequencies  to  theoretical  predictions  from  the  Lawson  et  al.  (2006)  target 
strength  model  (similar  to  the  process  of  fitting  observations  to  predictions  of  volume 
backscattering  described  by  Equations  4.2  -  4.4).  Doing  this  for  target  strengths 
measured  in  the  same  depths  and  similar  spatial  areas  as  sampled  by  net  tows  21  and  22 
produced  length  estimates  of  40.5  mm,  again  similar  to  those  derived  from  nets  (rows  7-8 
in  Table  4.1). 

Density  estimates  derived  from  the  acoustic  data  were  an  order  of  magnitude  larger  than 
those  made  with  nets  in  Laubeuf  Fjord  and  two  orders  of  magnitude  larger  in  Crystal 
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Sound,  with  E\  producing  the  largest  discrepancy  at  both  locations  (Table  4.1).  This 
discrepancy  likely  relates  primarily  to  krill  avoiding  the  nets,  and  will  be  addressed  in  the 
discussion.  Important  support  for  the  inverse  method  can  also  be  achieved  by  re¬ 
arranging  Equation  4.1,  and  scaling  measurements  of  volume  backscattering  made  in 
these  same  regions  sampled  by  the  nets  by  concurrent  measurements  of  target  strength  to 
yield  estimates  of  density.  In  contrast  to  the  inversion,  this  approach  is  free  of  any 
assumptions  concerning  the  mathematics  of  the  inversion  and  most  of  the  assumptions  of 
the  target  strength  model,  since  measured  volume  backscattering  and  measured  target 
strength  are  used.  Applying  such  an  approach  results  in  density  estimates  of  4.3  to  1 1.4 
individuals  m'^,  very  similar  to  the  inverse  method,  although  still  higher  than  seen  in  the 
nets  (rows  9-10  in  Table  4.1). 

Aside  from  these  two  locations,  there  were  net  tows  whose  catches  have  been  analyzed 
where  krill  were  sampled,  but  not  at  densities  where  we  can  be  certain  that  the  nets 
passed  through  acoustically-observed  aggregations  (Ashjian  et  al.  2004).  Due  to 
uncertainties  in  associating  particular  net  samples  with  particular  aggregations,  it  is  thus 
not  possible  to  ground-truth  the  acoustic  estimates  of  length  and  density  at  any  other 
location.  We  can,  however,  examine  particular  locations  where  the  aggregations  observed 
acoustically  are  known  with  certainty  from  VPR  observations  to  be  krill,  and  assess 
whether  the  resulting  length  and  density  estimates  seem  plausible.  The  aggregations  at  all 
such  locations  produce  comparable  acoustic  density  estimates  to  those  observed  at  the  net 
tow  sites  (rows  11-12  and  16-17  in  Table  4.1),  and  acoustic  length  estimates  quite  similar 
to  those  measured  at  other  locations  in  the  survey  area,  consistent  with  the  notion  of  a 
single  length  cohort  of  adult  krill  being  present  in  the  region. 

In  comparing  the  three  proposed  error  terms  to  be  minimized  in  estimating  the  weighted 
mean  krill  length  and  density  in  acoustically-identified  aggregations,  it  is  evident  that  for 
instances  where  large  krill  were  present,  all  three  methods  produced  similar  length 
estimates.  For  cases  where  small  krill  dominated,  the  volume  backscattering  levels  at  43 
kHz  were  much  lower  than  the  higher  frequencies,  and  both  E\  and  £3  were  less  apt  than 
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E2  to  produce  length  estimates  as  small  as  expected  based  on  nets.  In  the  case  of  the  E\ 
error  term,  at  least,  this  is  because  it  is  most  strongly  influenced  by  the  strong  scattering 
levels  at  the  higher  frequencies,  and  is  less  sensitive  to  the  lower  (but  highly  informative) 
scattering  at  43  kHz  that  characterizes  scattering  by  the  smaller  krill.  All  of  the  error 
terms  yielded  density  estimates  much  larger  than  observed  in  nets,  again  likely  due  to 
avoidance  behavior  (see  discussion),  but  density  estimates  made  with  E\  were  the  most 
different  from  net  measurements.  Again  this  is  due  to  this  term  being  defined  on  the  basis 
of  the  difference  between  observed  and  predicted  scattering  levels  in  arithmetic  form. 
Since  scattering  at  the  different  frequencies  often  varied  by  an  order  of  magnirade  or 
more,  the  resulting  Ei  fitted  curves  were  driven  primarily  by  the  frequency  where 
scattering  was  highest  (typically  120  kHz  here;  Figure  4.7),  and  so  produced  higher 
density  estimates  than  the  other  error  terms,  which  are  more  equally  influenced  by  all 
four  frequencies.  For  the  analyses  of  all  acoustically-identified  aggregations  that  follow, 
we  applied  the  E2  error  term,  due  to  its  ability  to  produce  smaller  or  larger  estimates  of 
lengths  in  accordance  with  whether  the  nets  sampled  smaller  or  larger  krill,  and  due  its 
typically  producing  the  smallest,  and  thus  most  conservative,  density  estimates  of  the 
three  approaches. 

Applying  the  inverse  method  with  the  E2  error  term  more  broadly  to  estimate  the 
weighted  mean  length  in  each  krill  aggregation  identified  acoustically  during  the  entire 
survey  conducted  in  the  fall  of  2001  resulted  in  a  bimodal  distribution  of  length  estimates 
(Figure  4.8),  consistent  with  the  results  of  net  tows  (Ashjian  et  aL,  2004)  and  indicative 
of  two  cohorts  of  krill,  one  larval  and  one  adult  (or  perhaps  juvenile).  Recall  that  in  the 
fall  of  2001,  aggregations  that  did  not  fall  within  the  allowable  5MVBS  for  kiill  were  still 
retained  as  ‘likely’  krill;  the  inverse  method  was  not  applied  to  such  aggregations  due  to 
their  overly  low  volume  backscattering  levels  at  43  kHz  and  the  associated  likelihood  of 
estimating  overly  small  mean  lengths  of  krill.  Moreover,  the  low  sensitivity  at  43  kHz 
often  affected  acoustic  elements  differently  within  a  given  aggregation  (e.g.,  as  the 
BIOMAPER-Il  moved  shallower  or  deeper  in  its  towpath  and  away  from  the 
aggregation).  For  this  2001  survey,  only  those  individual  elements  where  the  difference 
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Figure  4.7  -  Mean  volume  backscattering  strength  {S^)  measured  at  the  four 
BIOMAPER-11  acoustic  frequencies  in  (A)  Laubeuf  Fjord  fall  2001,  for  the  same  depths 
and  spatial  region  sampled  by  nets  during  tow  #21,  and  (B)  Crystal  Sound,  fall  2002,  for 
the  same  depths  and  region  as  tow  #24.  Also  shown  are  the  best-fit  predicted  curves 
based  on  the  three  different  error  terms  (Ei  -  E3).  The  length  and  density  of  krill  used  to 
generate  these  best-fit  predicted  curves  are  taken  as  the  most  likely  mean  length  and 
density  of  animals  in  the  observed  aggregations. 
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Figure  4.8  -  Distribution  of  weighted  mean  krill  lengths  estimated  acoustical  ly  using  the 
£2  error  term  for  all  aggregations  observed  in  the  falls  of  (A)  2001  and  (B)  2002. 
Frequency  distributions  show  the  number  of  aggregations  for  which  the  mean  length 
represented  by  each  length  bin  was  estimated. 
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in  volume  backscattering  strength  between  120  and  43  kHz  was  within  the  allowable  2- 
16  dB  range  thus  were  used  in  calculating  the  mean  volume  backscattering  strength 
values  used  in  the  assessment  of  the  overall  5MVBS  for  each  aggregation  and  subsequent 
estimation  of  a  weighted  mean  krill  length.  During  the  fall  of  2002,  a  similar  distribution 
of  weighted  mean  aggregation  animal  lengths  was  observed  as  in  2001,  suggesting  that 
the  uncertainty  associated  with  the  43  kHz  measurements  in  the  fall  of  2001  did  not 
substantially  affect  the  length  estimates,  in  aggregate. 

Note  that  the  inverse  method  was  only  applied  to  instances  where  valid  volume 
backscattering  measurements  were  made  at  all  four  frequencies,  and  so  were  limited  to 
observations  made  within  100  m  of  the  BIOMAPER-II  (i.e.,  the  maximum  range  of  the 
420  kHz  system).  The  inverse  method  also  was  not  applied  to  aggregations  observed 
during  winter,  due  to  the  malfunctions  at  43  kHz  described  above  (section  4.3. 1  .a). 

Full  attention  will  be  devoted  in  the  discussion  to  reconciling  the  discrepancies  evident 
between  net  and  acoustic  estimates  of  krill  length,  and  density  in  particular,  which  should 
provide  confidence  in  the  biological  patterns  that  emerged  based  on  the  application  of  the 
acoustic  methods  and  that  are  described  in  the  following  section. 


4.3.2  Krill  distribution 

4. 3. 2. a  Horizontal  distribution 

Application  of  these  various  acoustic  methods  resulted  in  the  detection  of  between  53 1 
and  8303  krill  aggregations  in  each  survey  (Table  4.2).  Of  these,  the  majority  (78-86%) 
were  the  minimum  measurable  size  set  by  the  resolution  of  the  acoustic  system.  We  are 
less  certain  for  these  very  small  aggregations  that  they  were  indeed  composed  of  krill, 
due  to  their  often  being  immediately  adjacent  to  scattering  features  of  very  similar 
appearance  but  which  did  not  meet  the  threshold  scattering  criterion.  Furthermore,  during 
fall  of  2001  in  particular,  these  smallest  aggregations  were  more  likely  not  to  have  the 
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TABLE  4.2  -  Total  number  of  aggregations  observed  during  each  cruise  and  the  sum  of 
their  total  biomass  indices  (kg  per  across-track  meter),  for  all  aggregations,  small 
aggregations  (<100  kg  m’’),  and  large  aggregations  (>100  kg  m'').  Percentages  in 
parentheses  indicate  the  percent  of  the  total  over  all  aggregations  accounted  for  by  the 
small  or  large  aggregations.  Columns  1  and  2  represent  all  acoustically-identified 
aggregations.  Columns  3  and  4  indicate  the  number  and  total  biomass  indices  of  only 
those  aggregations  larger  than  the  minimum  detectable  size  (see  text).  Note  that  these 
biomass  indices  summed  over  all  aggregations  are  presented  for  the  purpose  ol' assessing 
the  contribution  of  large  vs.  small  aggregations  to  overall  biomass  levels,  and  are  not 
intended  as  regional  biomass  estimates. 


Number  of 
Aggregations 

Total  biomass 
index  (kg  m  ') 

Number  larger 
than  minimum 

Biomass  larger 
than  minimum 

FALL  2001 

Total 

Sm.  aggregations 
Lg.  aggregations 

8303 

8221  (99%) 
82(1%) 

3.58  X  lO’ 

1.13  X  10“  (3%) 
3.47  X  10^  (97%) 

1147 

1066  (93%) 

81  (7%) 

3.55  X  10' 

8.40  X  lO'  (2%) 
3.47  X  lO'  (98%) 

WINTER  2001 

Total 

Sm.  aggregations 
Lg.  aggregations 

531 

528  (99%) 
3(1%) 

1796.8 

1100.5  (61%) 
696.4  (39%) 

117 

1  14  (97%) 

3  (3%) 

1560.4 

864.1  (55%) 
696.4  (45%) 

FALL  2002 

Total 

Sm.  aggregations 
Lg.  aggregations 

2597 

2490  (96%) 

107  (4%) 

1.86  X  10^ 

7.33  X  10' (4%) 
1.79  X  10'  (96%) 

500 

393  (79%) 

107  (21%) 

1.85  X  10' 

5.80  X  10' (3%) 
1.79  X  lO'  (97%) 

WINTER  2002 

Total 

Sm.  aggregations 
Lg.  aggregations 

2585 

2487  (96%) 

98  (4%) 

1.03  X  10' 

7.80  X  lO'  (8%) 
9.51  X  10“  (92%) 

566 

468  (83%) 
98(17%) 

1.01  X  10' 

6.34  X  10'  (6%) 
9.51  X  10“  (94%) 
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measurements  at  43  kHz  necessary  in  applying  the  6MVBS  criteria  for  identifying  krill, 
due  to  the  malfunctions  at  this  frequency  described  previously.  While  these  aggregations 
were  numerically  dominant,  they  only  accounted  for  0.8-13%  of  the  summed  total 
biomass  indices  (Table  4.2).  As  such,  excluding  them  from  the  spatial  analysis  of  the 
along-track  distribution  of  krill  vertically-integrated  biomass  has  a  negligible  impact.  All 
of  the  analyses  that  follow  were  performed  with  and  without  these  smallest  aggregations 
of  less  certain  composition  included,  but  only  the  with-smallest  results  will  be  reported, 
except  for  those  cases  where  the  results  of  these  two  approaches  differed. 

During  both  falls,  estimates  of  krill  biomass  integrated  over  the  sampled  portion  of  the 
water  column  and  averaged  in  1-km  along-track  intervals  (i.e.,  ‘vertically-integrated’ 
biomass)  were  highest  in  areas  on  the  continental  shelf  close  to  the  coast,  and  decreased 
farther  out  on  the  shelf  and  beyond  the  shelf-break  (Figure  4.9).  Due  to  the  presence  of 
pack  ice  covering  the  entire  study  area,  only  certain  portions  of  the  survey  grid  could  be 
reached  in  the  winter  of  2001.  Krill  vertically-integrated  biomass  was  low  throughout  the 
surveyed  area,  with  the  only  observations  of  reasonably  high  vertically-integrated 
biomass  made  immediately  north  of  Alexander  Island,  and  at  the  mouth  of  Marguerite 
Bay  (Figure  4.9).  During  the  winter  of  2002,  the  ice  was  even  thicker  and  surveying  over 
the  southern  portion  of  the  study  area  was  limited  and  did  not  follow  the  intended  regular 
survey  lines.  Nonetheless,  krill  vertically-integrated  biomass  was  high  everywhere 
surveyed,  other  than  along  the  northernmost  transect  (Figure  4.9). 

The  distribution  of  the  indices  of  total  aggregation  biomass  (kg  m'')  was  strongly  skewed 
towards  small  values  (Figure  4.10).  In  all  surveys,  only  1-4%  of  all  aggregations  by 
number  were  estimated  to  have  total  biomass  indices  greater  than  100  kg  m  ',  but  those 
few  large  aggregations  accounted  for  39-97%  of  the  summed  total  biomass  indices 
observed  during  each  survey  (Table  4.2). 

The  horizontal  distribution  of  aggregations  was  also  assessed  via  the  distance  from  each 
aggregation  to  neighboring  aggregations.  The  majority  of  aggregations  (92-99%)  during 


156 


2 

Figure  4.9  -  Estimates  of  krill  vertically-integrated  biomass  (g  m'  ),  averaged  in  1-km 
along-track  intervals.  A  composite  ice  edge  for  the  whole  cruise  is  shown  for  fall  2002 
(black  line).  In  fall  2001,  sea  ice  was  not  encountered  during  acoustic  surveying.  During 
both  winters  the  entire  region  was  ice-covered. 
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Figure  4.10  -  Distribution  of  the  total  biomass  indices  (kg  m"')  for  acoustically-identified 
aggregations.  In  each  cruise,  the  right-hand  tail  of  the  distribution  continued  well  past 
100  kg  rx\\  to  a  maximum  of  6x10"^,  but  was  completely  flat  and  so  is  not  shown.  The 
very  small  aggregations  equivalent  to  the  minimum  size  detectable  by  the  system  have 
not  been  included  in  these  histograms;  such  aggregations  were  all  of  very  small  biomass, 
and  were  excluded  to  allow  the  right-hand  tail  of  the  distribution  to  be  more  easily 
visualized. 
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all  surveys  were  found  within  a  distance  of  1  km  of  another  aggregation,  and  79-90% 
were  found  within  distances  of  100  m  of  another  aggregation  (Figure  4. 1 1).  The 
distribution  of  nearest  neighbor  distances  showed  modes  near  1.5,  35,  and  65m  followed 
by  a  long  tail  extending  towards  large  distances.  These  modes  correspond  to  aggregations 
with  centroids  positioned  at  the  same  measurement  point  but  a  different  depth  as  the 
given  aggregation,  separated  by  one  measurement,  and  by  two  measurements, 
respectively. 

As  described  above  (section  4.3.1  .b),  a  mean  krill  length  (weighted  by  the  scattering 
process  via  the  scattering  model)  was  estimated  for  a  subset  of  all  aggregations  observed 
during  the  fall  surveys  (Figure  4.8).  In  the  fall  of  2001,  no  obvious  pattern  was  evident  in 
the  distribution  of  these  estimated  lengths  (Figure  4.12).  In  the  fall  of  2002,  however, 
most  aggregations  with  estimated  weighted  mean  krill  lengths  less  than  35  mm  were 
found  in  coastal  areas,  while  aggregations  with  larger  estimated  krill  sizes  were  more 
broadly  distributed  across  the  shelf. 


4.3.2.b  Vertical  distribution 

The  number  of  krill  aggregations  was  greatest  during  all  survey  periods  at  depths  less 
than  100  m  (Figure  4.13).  Mean  krill  biomass  density  (g  m'^),  in  contrast,  was  greatest 
below  a  depth  of  100  m  during  the  fall  2001  and  both  2002  surveys.  In  the  winter  of 
2001,  mean  biomass  density  was  greatest  shallower  than  100  m,  but  overall,  estimates  of 
biomass  were  much  lower  than  in  the  other  three  surveys  (Figure  4. 13).  During  both  2002 
surveys,  a  lesser  peak  in  mean  biomass  density  was  evident  at  shallow  depths  (<  100m), 
and  the  larger  peak  in  biomass  density  shifted  slightly  deeper  between  fall  and  winter  of 
that  year.  These  depth  distributions  were  reflected  in  the  altitude  of  aggregations  (water 
depth  -  aggregation  depth;  Figure  4.14):  by  number  the  majority  of  aggregations  in  all 
surveys  other  than  the  fall  of  2002  were  positioned  away  from  the  bottom  (>  150  m 
depth),  but  the  majority  of  biomass  was  found  in  closer  association  with  the  bottom 
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Figure  4.11  -  Distribution  of  distances  to  nearest  neighboring  aggregations.  In  each 
cruise  there  was  also  a  long  and  flat  right-hand  tail  to  the  distribution  of  these  distances, 
with  612,  67,  253,  and  210  aggregations  having  the  nearest  neighbor  beyond  1 50  m  in  the 
fall  2001,  winter  2001,  fall  2002,  and  winter  2002  cruises,  respectively.  Plots  show  all 
aggregations,  but  distributions  for  only  those  aggregations  larger  than  the  minimum 
observable  size  showed  identical  shapes. 
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Figure  4.12  -  Spatial  distribution  of  the  weighted  mean  krill  length  in  each  acoustically- 
identified  aggregation,  estimated  via  the  acoustic  inversion  protocol  using  the  Ei  error 
term.  Dot  color  indicates  estimated  length,  with  larger  dots  also  indicating  larger  lengths, 
to  allow  dots  to  be  plotted  on  top  of  one  another. 
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Figure  4.13  -  Vertical  distribution  by  total  number  of  aggregations  (top  plot)  and  mean 
biomass  density  (lower  plot),  in  10-m  bins. 
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Figure  4.14  -  Distance  from  bottom  (i.e.,  altitude)  by  total  number  of  aggregations  (top 
plot)  and  total  biomass  index  (lower  plot),  in  50-m  bins. 
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(<  150  m).  The  spatial  distribution  of  depths  and  altitudes  occupied  by  krill  aggregations 
showed  no  obvious  patterns  (not  shown). 


No  attempt  was  made  to  account  or  correct  for  the  potential  impact  of  diel  vertical 
migration  on  estimates  of  vertically-integrated  biomass,  although  summertime  estimates 
of  krill  biomass  around  Elephant  Island  have  been  estimated  to  be  biased  by  as  much  as 
49.5%  due  to  upwards  migration  of  krill  at  night  outside  of  the  acoustic  survey  window 
(Demer  and  Hewitt,  1995).  Examining  mean  estimated  krill  vertically-integrated  biomass 
relative  to  time  of  day  in  hourly  intervals,  however,  does  not  show  the  decrease  during 
the  night  and  increase  by  day  that  might  be  expected  if  diel  vertical  migration  were 
biasing  the  estimates  (Figure  4.15).  Vertically-integrated  biomass  estimates  were 
consistently  highest  between  1500  and  2000h  (local  time).  The  timing  of  sunset  varied 
substantially  over  the  course  of  each  survey,  but  fell  between  1347  and  1719h  in  fall  and 
1516  and  I803h  in  winter;  maximal  vertically-integrated  biomass  thus  was  not  observed 
during  the  day. 


4.3.2.C  Distribution  in  relation  to  environmental  features  during  fall 

Contrary  to  our  hypothesis,  vertically-integrated  biomass  in  both  falls  showed  a  generally 
negative  association  with  chlorophyll  a  (Figure  4.16).  Somewhat  more  consistent  with 
our  expectations,  highest  biomass  was  found  in  regions  of  lowest  current  magnitude  and 
horizontal  current  shear,  but  otherwise,  little  trend  was  evident  between  vertically- 
integrated  biomass  and  currents  (Figure  4.17).  Krill  vertically-integrated  biomass  in  both 
falls  was  mostly  low  in  the  northern  half  of  the  surveyed  shelf  region,  in  the  vicinity  of 
the  persistent  cyclonic  gyre  identified  by  previous  studies  (see  Figures  4.1b  and  4.9). 

Krill  aggregations  also  showed  associations  with  particular  water  masses,  defined  on  the 
basis  of  their  characteristic  salinity  and  potential  temperature  values.  During  both  falls, 
the  dominant  water  mass  at  shallow  depths  was  Antarctic  Surface  Water  (Figure  4. 1 8; 
salinity  (S)  33.0  to  33.7,  potential  temperature  (6)  -1.5  to  l.0°C;  see  Klinck  et  ai,  2004 
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Figure  4.15  -  Mean  along-track  krill  biomass  (vertically  integrated  over  the  whole 
sampled  water  column,  kg  m'^),  averaged  over  hourly  intervals. 
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Figure  4.16  -  Distribution  of  chlorophyll  a  integrated  to  a  depth  of  30  m  (mg  m'^)  during 
fall  2001  (top  plot)  and  2002  (lower  plot).  Black  dots  indicate  krill  vertically-integrated 
biomass  (g  m'^),  with  larger  dots  denoting  larger  biomass  (see  Figure  4.9).  Smallest  black 
dots  indicate  no  krill  present. 
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Figure  4.17  Krill  biomass  (g  m'^,  logio  scale)  during  fall  averaged  in  1-lan  along-track 
intervals  and  integrated  over  the  sampled  water  column  (l-600m),  in  relation  to  ADCP- 
measured  current  magnitude  at  150  m  depth  (m  s'*;  left-hand  plots)  and  estimated 
horizontal  current  shear  at  150  m  (m  s'*  per  m  along-track  distance;  right-hand  plots). 
Zero  values  for  krill  biomass  have  been  set  to  10'^. 


167 


Salinity  Salinity 


Figure  4.18  '  Potential  temperature  and  salinity  associated  with  each  acoustically- 
identified  krill  aggregation,  interpolated  from  measurements  made  by  the  BIOMAPER-ll, 
or  from  CTD  cast  data  for  aggregations  present  at  greater  depths  than  sampled  by  the 
BIOMAPER-II.  Dot  color  indicates  aggregation  total  biomass  index  (kg  m‘').  Grey 
indicates  temperature-salinity  values  measured  during  CTD  casts  at  all  hydrographic 
stations  combined  for  each  survey,  and  thus  shows  conditions  available  to  the  krill  across 
the  survey  area  as  a  whole.  Water  masses  are  CDW=Circumpolar  Deep  Water,  m-CDW= 
modified-CDW,  AASW=Antarctic  Surface  Water,  ISW^Inner  Shelf  Water,  and 
WW= Winter  Water.  Inset  are  plots  showing  the  temperature  and  salinity  conditions 
present  below  aggregations  at  300  m  depth. 
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for  further  water  mass  definitions  and  explanations).  The  primary  water  masses  at  depth 
in  the  region  were  modified-Circumpolar  Deep  Water  (mCDW;  S  34.0  to  34.6,  0  1.0  to 
1 .5  '"C),  formed  by  the  mixing  of  oceanic  Circumpolar  Deep  Water  (S  34.6  to  34.74,  0  1 .0 
to  2.0°C)  with  cooler  and  fresher  shelf  waters,  and  colder  (<1.3°C)  water  that  has  been 
referred  to  as  Tnner  Shelf  Water’  (Prezelin  et  al.,  2004)  (Figure  4. 18). 

Many  shallow  aggregations  in  fall  were  associated  with  Antarctic  Surface  Water,  some  of 
quite  high  total  biomass  indices  (Figure  4.1  8).  The  majority  of  high-biomass 
aggregations,  however,  were  found  at  depth,  in  association  with  Inner  Shelf  Water. 
Contrary  to  our  hypothesis,  no  aggregations  of  substantial  biomass  were  found  in 
association  with  off-shelf  or  recently  intruded  Circumpolar  Deep  Water.  Examining  the 
temperature-salinity  characteristics  at  a  depth  of  300  m  in  the  waters  underlying  observed 
krill  aggregations,  indicates  that  the  aggregations  of  highest  total  biomass  indices  were 
present  in  regions  where  cooler  and  fresher  Inner  Shelf  Water  was  present  at  depth,  rather 
than  modified-  or  recently  intruded-Circumpolar  Deep  Water  (inset  in  Figure  4.18). 
Similarly,  highest  vertical ly-integrated  biomass  was  found  in  regions  of  cooler  maximum 
temperature  below  200  m  in  depth,  which  can  be  used  as  an  indicator  of  the  presence  of 
Circumpolar  Deep  Water  (Figure  4. 19). 

Generalized  Additive  Modeling  provided  further  insight  into  the  association  of  krill  with 
environmental  features.  The  exact  shape  of  the  predictor-response  curves  varied 
somewhat  between  analyses,  but  in  general,  both  presence/absence  and  vertically- 
integrated  biomass  where  it  was  non-zero  were  significantly  and  negatively  associated 
with  Tmax  and  distance  from  land,  during  both  falls  (Table  4.3,  Figures  4.20  and  4.21). 

In  fall  2001,  the  presence/absence  of  krill  also  exhibited  an  increasing  then  decreasing 
relationship  with  chl-a,  while  during  fall  2002,  krill  presence/absence  showed  a  mostly 
flat  relationship  with  chl-t?,  decreasing  only  at  high  concentrations.  In  the  fall  of  2002, 
both  the  presence/absence  of  krill  and  krill  vertically-integrated  biomass  where  it 
exceeded  zero  were  additionally  associated  with  water  depth  in  a  decreasing  fashion,  and 
with  ice  concentration  following  a  dome-shaped  functional  form,  peaking  at  ice 
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Figure  4.19  -  Distribution  of  the  temperature  maximum  below  a  depth  of  200  m  (Tmax; 
°C)  during  each  survey.  Black  dots  indicate  krill  vertically-integrated  biomass  (g  m'^), 
with  larger  dots  denoting  larger  biomass  (see  Figure  4.9).  Smallest  black  dots  indicate  no 
krill  present. 
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Tmax  Tmax 


TABLE  4.3  -  Generalized  Additive  Modeling  results  for  the  fall  surveys.  Analyses  were 
conducted  separately  first  for  the  dependent  variable  of  krill  presence  or  absence,  and 
then  for  krill  vertically-integrated  biomass  (g  m'^)  averaged  in  1-km  along-track  intervals 
where  it  exceeded  zero.  Analyses  began  with  a  larger  set  of  environmental  variables,  and 
only  those  remaining  after  variable  selection  are  shown  (see  methods  section  4.2.5.b).  For 
each  GAM,  the  null  deviance  (ND),  residual  deviance  (RD),  and  percent  of  deviance 
explained  (%Dev.)  are  shown.  s( )  indicates  dependent  variables  whose  relationship  with 
the  response  variable  was  described  by  smoothed  functions.  Otherwise,  this  relationship 
was  taken  to  be  linear,  and  the  coefficient  of  the  linear  relationship  is  shown.  The 
significance  of  each  environmental  variable  was  tested  for  significance  via  a  chi-square 
test  on  the  deviance  explained  by  the  full  model  versus  that  with  the  variable  removed; 
the  drop  in  deviance  between  the  two  and  associated  p-value  are  shown. 


Coefficient 

Drop  in 
deviance 

P 

FALL  2001 

Presence/absence 

(ND  1 070.0,  RD  777.4,  %Dev.  27.4) 

s(  Ch\-a ) 

- 

123.0 

<le-25 

s(  Tmax  ) 

- 

72.5 

<le-l4 

Distance  to  land 

-0.020 

41.7 

<le-9 

Vertically-integrated  biomass  >  0 

(ND  473.7,  RD  273.0,  %Dev.  42.4) 

s(  Tmax  ) 

- 

54.5 

<le-l2 

s(  Distance  to  land  ) 

- 

34.3 

<le-7 

FALL  2002 

Presence/absence 

(ND  1 196.9,  RD  717.2,  %Dev.  40.1) 

s(  Ch\-a ) 

- 

40.4 

<le-8 

s(  Tmax  ) 

- 

71.2 

<le-14 

s(  Distance  to  land  ) 

- 

57.5 

<le-l  1 

s(  Ice ) 

- 

31.2 

<le-6 

Current  magnitude 

-16.78 

34.4 

<le-8 

Depth 

-1.5e-3 

18.8 

<le-4 

Vertically-integrated  biomass  >  0 

(ND  222.8,  RD  113.5,%Dev.  49.1) 

s(  Tmax  ) 

- 

8.6 

0.001 

s(  Ice  ) 

- 

9.8 

0.001 

Chl-fl 

-0.037 

10.5 

<]e-5 

Distance  to  land 

-5.8e-3 

3.6 

0.008 

Depth 

-l.4e-3 

10.4 

<le-5 
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Figure  4.20.-  Generalized  Additive  Modeling  results  for  fall  2001 .  Solid  lines  indicate  the  linear  or 
smoothing  function,  F(x),  relating  each  environmental  predictor  to  the  dependent  variables  of  either  krill 
presence  or  absence  (left-hand  plots)  or  krill  biomass  where  it  was  not  zero  (right-hand  plots).  Dotted  lines 
denote  the  95%  confidence  interval.  Ticks  along  the  x-axis  indicate  sampled  values.  Open  circles  show 
residuals. 
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Figure  4.21  -  Generalized  Additive  Modeling  results  for  fall  2002.  Solid  lines  indicate  the  linear  or 
smoothing  function,  F(x),  relating  each  environmental  predictor  to  the  dependent  variables  of  either  krill 
presence  or  absence  (left-hand  plots)  or  krill  biomass  where  it  was  not  zero  (right-hand  plots).  Dotted  lines 
denote  the  95%  confidence  interval.  Ticks  along  the  x-axis  indicate  sampled  values. 


173 


PRESENCE-ABSENCE 


BIOMASS  WHERE  >0 


Current  Magnitude 


Figure  4.21,  continued. 
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concentrations  of  3-6  tenths  (Table  4.3,  Figure  4.21).  Krill  presence/absence  also 
decreased  with  current  magnitude  for  that  survey.  Overall,  more  of  the  variability  in  krill 
vertically-integrated  biomass  where  it  was  non-zero  was  explained  by  these  various 
environmental  predictors  (42.4  and  49.1%  in  the  falls  of  2001  and  2002,  respectively) 
than  krill  presence/absence  (27.4  and  40.1%).  For  both  dependent  variables,  much 
variability  remained  unexplained  (Table  4.3,  and  see  residual  variability  in  Figures  4.20 
and  4.21). 

4.3.2.d  Distribution  in  relation  to  environmental  features  during  winter 

During  the  winter  of  2001,  too  little  biomass  was  observed  to  make  firm  interpretations, 
but  in  2002,  highest  biomass  was  no  longer  restricted  to  coastal  areas,  and  instead  was 
broadly  distributed  across  the  shelf  and  beyond  the  shelf  break  (Figure  4.9).  Shallow 
depths  in  both  winters  were  characterized  by  Winter  Water  (S  33.8  to  34.1, 0  -1 .8  to  - 
1  .S^^C).  The  high  total  biomass  index  aggregations  of  2002  were  mostly  associated  either 
with  shallow  Winter  Water,  or  with  deeper  Inner  Shelf  Water  and  modified  Circumpolar 
Deep  Water  (Figure  4.18).  The  entire  region  was  ice-covered,  and  the  highest  vertically- 
integrated  biomass  estimates  were  found  more  than  300  km  inwards  from  the  ice  edge. 
Ch]-a  never  exceeded  3  mg  m'^  in  either  winter. 

The  results  of  the  GAM  analysis  for  the  winter  surveys  were  much  less  conclusive  than  in 
fall;  only  6. 2-7. 8%  of  the  deviance  in  presence/absence  was  explained  by  the  available 
environmental  variables,  and  23.8-30.0%  of  deviance  in  vertically-integrated  biomass 
where  it  was  greater  than  zero  (Table  4.4,  Figures  4.22  and  4.23).  The  results  from  the 
winter  of  2001  in  particular  should  be  approached  with  caution,  due  to  the  very  low  and 
few  krill  biomass  observations  made,  and  low  explanatory  power.  During  that  survey, 
krill  presence/absence  increased  with  temperature  and  decreased  with  chl-a,  although  chl- 
a  levels  were  so  low  it  is  difficult  to  know  whether  krill  were  actually  responding  to  chl- 
a,  or  to  some  covariate.  Water  depth  was  the  only  environmental  variable  to  show  a 
significant  association  with  krill  vertically-integrated  biomass  where  it  exceeded  zero 
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TABLE  4.4  -  Generalized  Additive  Modeling  results  for  the  winter  surveys.  Analyses 
were  conducted  separately  first  for  the  dependent  variable  of  krill  presence  or  absence, 
and  then  for  krill  vertically-integrated  biomass  where  it  exceeded  zero.  Analyses  began 
with  a  larger  set  of  environmental  variables,  and  only  those  remaining  after  variable 
selection  are  shown  (see  methods  section  4.2.5.b).  For  each  GAM,  the  null  deviance 
(ND),  residual  deviance  (RD),  and  percent  of  deviance  explained  (%Dev.)  are  shown.  s( ) 
indicates  dependent  variables  whose  relationship  with  the  response  variable  was 
described  by  smoothed  functions.  Otherwise,  this  relationship  was  taken  to  be  linear,  and 
the  coefficient  of  the  linear  relationship  is  shown.  The  significance  of  each  environmental 
variable  was  tested  for  significance  via  a  chi-square  test  on  the  deviance  explained  by  the 
full  model  versus  that  with  the  variable  removed;  the  drop  in  deviance  between  the  two 
and  associated  p-value  are  shown. 


Coefficient 

Drop  in 
deviance 

P 

WINTER  2001 

Presence/absence 

(ND  4  ]  2.8,  RD  380.7,  %Dev.  7.8) 

s(  Tmax  ) 

31.6 

<le-6 

Chl-fl 

-2.87 

1 6.4 

<le-4 

Vertically-integrated  biomass  >  0 

(ND  43.6,  RD  33.2,  %Dev.  23.8) 

s(  Depth  ) 

1 0.4 

<le-4 

WINTER  2002 

Presence/absence 

(ND  773.9,  RD  726.3,  %Dev.  6.2) 

s(  Tmax  ) 

43.7 

<le-9 

Vertically-integrated  biomass  >  0 

(ND  237.9,  RD  1 66.6,  %Dev.  30.0) 

s(  Tmax  ) 

71.3 

<]e-l7 
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Figure  4.22  -  Generalized  Additive  Modeling  results  for  winter  2001.  Solid  lines  indicate 
the  linear  or  smoothing  function,  F(x),  relating  each  environmental  predictor  to  the 
dependent  variables  of  either  krill  presence  or  absence  (left-hand  plots)  or  krill  biomass 
where  it  was  not  zero  (right-hand  plots).  Dotted  lines  denote  the  95%  confidence  interval. 
Ticks  along  the  x-axis  indicate  sampled  values.  Open  circles  show  residuals. 
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Figure  4.23  -  Generalized  Additive  Modeling  results  for  winter  2002.  Solid  lines  indicate 
the  linear  or  smoothing  function,  F(x),  relating  each  environmental  predictor  to  the 
dependent  variables  of  either  krill  presence  or  absence  (left-hand  plots)  or  krill  biomass 
where  it  was  not  zero  (right-hand  plots).  Dotted  lines  denote  the  95%  confidence  interval. 
Ticks  along  the  x-axis  indicate  sampled  values.  Open  circles  show  residuals. 
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(Table  4.4,  Figure  4.22).  During  the  winter  of  2002,  Tmax  was  the  only  variable 
associated  with  either  krill  presence/absence  or  vertically-integrated  biomass  where  it 
was  non-zero,  with  functional  relationships  of  very  similar  shape  to  the  fall  of  2001. 
Unlike  in  fall,  however,  when  krill  vertically-integrated  biomass  was  maximal  at  Tmax 
levels  <  1  °C,  during  the  winter  of  2002,  peak  biomass  was  associated  with  temperatures 
between  1.4  and  1.6  °C  (Figure  4.23).  Note  also  that  the  initial  model  for  the  winter  of 
2002  before  variable  selection  did  not  include  chl-c?,  distance  to  the  land,  or  water  depth, 
as  these  were  highly  correlated  (r  >  0.7)  with  Tmax.  The  apparent  association  of  krill 
with  Tmax  in  that  survey  could  thus  also  be  due  to  the  effects  of  one  of  these  covariates. 


4.3.2.e  Seasonal  and  inter-annual  changes  in  biomass 

Comparison  of  biomass  between  the  seasons  and  years  under  study  is  complicated  by  the 
variable  coverage  of  the  different  surveys.  Restricting  analysis  to  only  overlapping 
segments  of  the  survey  lines,  however,  it  is  evident  that  mean  krill  vertically-integrated 
biomass  along  such  ‘transects’  decreased  substantially  between  the  fall  and  winter  of 
2001  (Table  4.5,  and  see  Figure  4.1a  for  transect  locations).  In  contrast,  krill  biomass 
estimates  were  quite  comparable  during  the  falls  of  2001  and  2002.  In  the  northern 
portion  of  the  survey  area,  mean  vertically-integrated  biomass  was  greater  in  the  fall  of 

2001  for  most  transects,  but  was  greater  in  the  fall  of  2002  towards  the  southern  portion 
of  the  shelf  Averaging  over  all  transects  for  each  survey,  weighting  each  transect  by  its 
length  following  the  methods  of  Jolly  and  Hampton  (1990),  mean  vertically-integrated 
biomass  for  the  region  was  greatest  in  the  fall  of  2001,  followed  by  winter  2002,  then  fall 

2002  (but  note  the  high  variability  about  these  estimates;  Table  4.5).  Mean  regional 
vertically-integrated  biomass  in  the  winter  of  2001  was  an  order  of  magnitude  lower  than 
during  other  surveys.  Comparing  biomass  estimates  from  the  winter  of  2002  to  other  time 
periods  is  particularly  problematic.  The  northern  portion  of  the  survey  area  was  quite  well 
covered,  however,  and  restricting  comparison  to  this  region  indicated  that  mean 
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TABLE  4.5  -  Mean  vertically-inlegrated  biomass  estimates  (g  m'^)  for  transects  (Tr.)  of  overlapping 
survey  coverage  (Figure  4.1a).  Standard  deviation  shown  in  parentheses.  Asterisks  indicate  transects  that 
were  particularly  short  due  to  only  very  limited  data  being  available  during  the  winter  2002  survey. 


Region 

Tr. 

Fall  01 

l-lOOm 

Winter 

0l 

l-lOOm 

Fall  02 

l-lOOm 

Winter 

02 

1-lOOm 

Fall  01 

101- 

600m 

Winter 

01 

101- 

600m 

Fall  02 

101- 

600m 

Winter 

02 

101- 

600m 

North 

1 

2.03 

- 

2.33 

0.04 

2.50 

- 

0.16 

0.00 

(7.38) 

- 

(10.76) 

(0.90) 

(22.44) 

- 

(3.63) 

(0.00) 

North 

2 

4.99 

0.00 

1.23 

0.71 

0.82 

0.00 

0.00 

0.00 

(12.56) 

(0.00) 

(9.06) 

(9.06) 

(2.83) 

(0.00) 

(0.00) 

(0.00) 

North 

3 

0.03 

5.43 

1.31 

- 

0.00 

0.00 

0.00 

- 

(0.65) 

(70.24) 

(33.82) 

- 

(0.00) 

(0.00) 

(0.00) 

North 

4 

7.00 

2.49 

0.00 

- 

0.03 

0.00 

0.00 

- 

(29.78) 

(12.03) 

(0.00) 

- 

(0.28) 

(0.06) 

(0.00) 

- 

North 

5 

5.10 

0.87 

0.00 

5.37 

0.00 

0.04 

0.00 

0.00 

(24.43) 

(8.45) 

(0.00) 

(100.52) 

(0.00) 

(1.04) 

(0.00) 

(0.00) 

North 

6 

0.65 

0.94 

0.00 

- 

0.00 

0.00 

0.00 

- 

(5.52) 

(5.23) 

(0.00) 

- 

(0.00) 

(0.00) 

(0.00) 

- 

North 

7 

6.49 

1.33 

0.70 

20.40 

0.00 

0.00 

0.00 

0.00 

(65.17) 

(10.24) 

(16.52) 

(247.98) 

(0.00) 

(0.00) 

(0.00) 

(0.00) 

North 

8 

4.02 

0.00 

0.00 

9.90 

0.00 

0.00 

0.00 

3.38 

(11.80) 

(0.00) 

(0.00) 

(161.82) 

(0.00) 

(0.00) 

(0.00) 

(39.66) 

North 

9 

6.92 

- 

3.97 

3.76 

0.02 

- 

0.00 

292.27 

(40.95) 

- 

(81.14) 

(83.41) 

(0.63) 

- 

(0.00) 

(943.13) 

North 

10 

5.52 

- 

2.09 

1.02 

0.00 

- 

0.00 

59.88 

(20.57) 

- 

(27.77) 

(5.55) 

(0.00) 

- 

(0.00) 

(185.10) 

North 

11 

1.26 

0.00 

0.00 

- 

0.00 

0.00 

0.00 

- 

(4.40) 

(0.00) 

(0.00) 

- 

(0.00) 

(0.00) 

(0.00) 

- 

Central 

12 

0.00 

1.17 

0.00 

- 

0.00 

0.04 

0.00 

- 

(0.00) 

(9.00) 

(0.00) 

- 

(0.00) 

(0.56) 

(0.00) 

- 

Central 

13 

- 

0.10 

0.01 

- 

- 

0.00 

0.00 

- 

- 

(1.28) 

(0.22) 

- 

- 

(0.00) 

(0.00) 

- 

Central 

14 

1.05 

- 

0.00 

- 

0.00 

- 

0.00 

- 

(6.12) 

- 

(0.00) 

- 

(0.00) 

- 

(0.00) 

- 

Central 

15 

0.89 

8.13 

0.00 

- 

0.00 

0.09 

0.00 

- 

(3.65) 

(51.48) 

(0.00) 

- 

(0.00) 

(1.58) 

(0.00) 

- 

Central 

16* 

5.83 

- 

0.00 

0.00 

0.00 

- 

0.00 

128.72 

(25.51) 

- 

(0.00) 

(0.00) 

(0.00) 

- 

(0.00) 

(435.80) 

Central 

17 

4.86 

- 

0.06 

131.82 

0.00 

- 

0.00 

11.91 

(17.98) 

- 

(0.97) 

(331.96) 

(0.05) 

- 

(0.00) 

(50.03) 

Central 

18 

2.66 

- 

0.00 

0.00 

0.00 

- 

0.00 

1.25 

(6.22) 

- 

(0.00) 

(0.00) 

(0.00) 

- 

(0.00) 

(30.37) 

Central 

19 

0.00 

0,18 

0.00 

0.01 

0.00 

0.07 

0.00 

0.48 

(0.00) 

(1.20) 

(0.00) 

(0.27) 

(0.00) 

(0.71) 

(0.00) 

(6.99) 

Central 

20 

0.00 

0,00 

0.55 

- 

0.00 

0.00 

0.00 

- 

(0.00) 

(0,00) 

(2.48) 

- 

(0.00) 

(0.00) 

(0.00) 

- 

Central 

21 

5.47 

0,00 

0.00 

0.07 

0.00 

0.00 

0.00 

7.13 

(16.94) 

(0,00) 

(0.00) 

(2.41) 

(0.00) 

(0.00) 

(0.00) 

(84.88) 

Central 

22 

0.11 

0.00 

29.94 

0.00 

0.00 

0.00 

0.00 

14.05 

(0.76) 

(0.00) 

(121.70) 

(0.00) 

(0.00) 

(0.00) 

(0.00) 

(109.18) 

S  Mbay 

23 

10.61 

- 

0.00 

- 

0.00 

- 

0.00 

- 

(65.07) 

- 

(0.00) 

- 

(0.00) 

- 

(0.00) 

- 

S  Mbay 

24 

0.09 

- 

0.00 

- 

0.00 

- 

0.00 

- 

(1.34) 

- 

(0.00) 

- 

(0.00) 

- 

(0.00) 

- 

S  Mbay 

25 

12.82 

0.00 

- 

- 

7.36 

32.06 

- 

- 

(110.09) 

(0.00) 

- 

- 

(85.82) 

(154.30) 

- 

- 

S  Mbay 

26 

1.10 

0.07 

26.32 

- 

2284.40 

0.38 

135.86 

- 

(5.02) 

(1.03) 

(39.70) 

- 

(2392.7) 

(2.88) 

(151.52) 

- 

S  Mbay 

27 

19.78 

- 

0.72 

- 

77.36 

- 

803.37 

- 

(58.90) 

- 

(2-43) 

- 

(354.78) 

- 

(1121.2) 

- 

180 


~ 

29 

30 

31 

32* 

33 

34 

35 

36 

37 

38 

39* 

40 

41 

42* 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 


Fall  01 
1-lOOm 

WintOl 

1-lOOm 

Fall  02 
1-lOOm 

Winl  02 
1-lOOm 

Fall  01 
101- 
600m 

WintOl 

101- 

600m 

Fall  02 
101- 
600m 

Wint  O: 
101- 
600m 

- 

0.00 

0.00 

- 

- 

0.00 

9.31 

- 

- 

(0.00) 

(0.00) 

- 

- 

(0.00) 

(60.91) 

- 

3.52 

0.00 

5.79 

- 

0.00 

0.00 

0.00 

- 

(21.38) 

(0.00) 

(49.20) 

- 

(0.00) 

(0.00) 

(0.00) 

- 

11.03 

- 

0.24 

- 

0.00 

- 

0.00 

- 

(43.15) 

- 

(1.11) 

- 

(0.00) 

- 

(0.00) 

- 

- 

- 

0.00 

2.04 

- 

- 

0.00 

0.13 

- 

- 

(0.00) 

(38.30) 

- 

- 

(0.00) 

(3.40) 

0.00 

- 

0.00 

6.31 

0.00 

- 

0.00 

0.29 

(0.00) 

- 

(0.00) 

(34.69) 

(0.00) 

- 

(0.00) 

(2.86) 

0.90 

0.00 

6.38 

- 

0.00 

0.00 

0.43 

- 

(10.00) 

(0.00) 

(53.65) 

- 

(0.00) 

(0.00) 

(7.60) 

- 

17.29 

- 

26.75 

- 

279.83 

- 

70.85 

- 

(63.50) 

- 

(119.05) 

- 

(833.12) 

- 

(240.85) 

- 

23.78 

- 

0.07 

- 

1683.80 

- 

0.00 

- 

(119.48) 

- 

(1.64) 

- 

(2987.7) 

- 

(0.00) 

- 

112.78 

- 

30.87 

- 

88.64 

- 

264.40 

- 

(243.76) 

- 

(191.81) 

- 

(236.47) 

- 

(655.491 

- 

5.69 

0.00 

11.60 

- 

43.80 

0.00 

49.25 

- 

(12.86) 

(0.00) 

(23.09) 

- 

(153.23) 

(0.00) 

(76.81) 

- 

0.61 

- 

3.36 

- 

0.00 

- 

6.03 

- 

(3.50) 

- 

(23.85) 

- 

(0.00) 

- 

(154.19) 

- 

0.00 

- 

0.00 

234.16 

0.00 

- 

187.15 

0.00 

(0.00) 

- 

(0.00) 

(273.12) 

(0.00) 

- 

(844.29) 

(0.00) 

0.00 

- 

0.00 

- 

0.00 

- 

0.00 

- 

(0.00) 

- 

(0.00) 

- 

(0.00) 

- 

(0.00) 

- 

0.24 

- 

6.89 

- 

0.00 

- 

0.00 

- 

(2.19) 

- 

(70.46) 

- 

(0.00) 

- 

(0.00) 

- 

0.00 

- 

1.99 

9.64 

0.00 

- 

0.00 

10.97 

(0.00) 

- 

(18.31) 

(25.70) 

(0.00) 

- 

(0.00) 

(25.20) 

1.49 

- 

6.14 

- 

0.00 

- 

0.00 

- 

(9.27) 

- 

(43.34) 

- 

(0.00) 

- 

(0.00) 

- 

0.00 

- 

42.06 

- 

0.00 

- 

279.24 

- 

(0.00) 

- 

(98.10) 

- 

(0.00) 

- 

(733.41) 

- 

0.30 

- 

54.21 

- 

0.00 

- 

172.83 

- 

(2.34) 

- 

(178.74) 

- 

(0.00) 

- 

(430.70) 

- 

0.03 

- 

5.18 

- 

0.00 

- 

0.00 

- 

(0.49) 

- 

(47.79) 

- 

(0.00) 

- 

(0.00) 

- 

0.00 

- 

0.00 

- 

0.00 

- 

0.00 

- 

(0.00) 

- 

(0.00) 

- 

(0.00) 

- 

(0.00) 

- 

0.50 

- 

8.22 

- 

0.00 

- 

0.00 

- 

(3.32) 

- 

(63.05) 

- 

(0.00) 

- 

(0.00) 

- 

2.27 

- 

0.00 

- 

292.84 

- 

0.00 

- 

(15.94) 

- 

(0.00) 

- 

(673.59) 

- 

(0.00) 

- 

6.16 

0.00 

10.68 

- 

4.40 

0.00 

0.00 

- 

(26.33) 

(0.00) 

(57.40) 

- 

(18.81) 

(0.00) 

(0.00) 

- 

83.42 

0.00 

0.58 

- 

4.22 

0.00 

0.00 

- 

(110.29) 

(0.00) 

(2.66) 

- 

(15.93) 

(0.00) 

(0.00) 

- 

0.00 

- 

16.44 

- 

0.00 

- 

0.00 

- 

(0.00) 

- 

(20.06) 

- 

(0.00) 

- 

(0.00) 

- 

0.00 

0.00 

64.45 

- 

0.00 

0.00 

2.66 

- 

(0.00) 

(0.00) 

(53.82) 

- 

(0.00) 

(0.00) 

(4.93) 

- 

- 

0.00 

11.49 

- 

- 

0.00 

280.09 

- 

- 

(0.00) 

(25.45) 

- 

- 

(0.00) 

(251.50) 

- 

- 

0.00 

1.38 

- 

- 

0.00 

0.00 

- 

- 

(0.00) 

(4.54) 

- 

- 

(0.00) 

(0.00) 

■ 

4.20 

0.81 

1.13 

7.25 

0.12 

0.01 

0.005 

83.11 

(1-00) 

(0.24) 

(0.59) 

(3.25) 

(0.11) 

(0.01) 

(0.005) 

(67.62) 

7.36 

0.82 

5.72 

12.44 

70.38 

0.51 

29.82 

50.59 

(2.96) 

(0-37L 

(1.51) 

(7.26) 

(44.37) 

(0.50) 

(11.90) 

(41.03) 

181 


vertically-integrated  biomass  estimates  during  the  winter  of  2002  were  mostly  higher 
than  in  the  other  surveys  (Table  4.5). 


4.4  DISCUSSION 

Application  of  the  acoustic  methods  developed  and  refined  here  to  broad-scale  survey 
data  has  revealed  distinct  patterns  in  the  vertical  and  horizontal  distribution  of  krilf  as 
well  as  interesting  associations  with  the  physical  and  biological  environment,  and 
seasonal  and  inter-annual  changes.  Before  making  firm  ecological  interpretations, 
however,  attention  must  be  devoted  to  reconciling  the  differences  evident  between 
acoustic  and  net-derived  estimates  of  krill  length  and  abundance. 


4.4.1  Acoustic  methodologies 

For  those  cases  where  independent  confirmation  of  the  presence  of  krill  was  available 
from  net  samples  or  Video  Plankton  Recorder  observations,  and  data  at  43  kHz  were 
available,  measurements  of  5MVBS  fell  within  the  range  previously  ascribed  to  krill 
(Watkins  and  Brierley,  2002;  Demer  2004).  The  5MVBS  values  observed  here  mostly 
fell  towards  the  high  end  of  this  range,  perhaps  due  in  part  to  calibration  uncertainty.  This 
uncertainty  was  the  reason  for  applying  the  full  2  to  16  dB  5MVBS  range,  despite  our 
lowest  frequency  being  43  kHz,  rather  than  the  38  kHz  in  more  common  use  and  upon 
which  the  5MVBS  criteria  were  developed.  Despite  such  uncertainty,  the  5MVBS 
method  appears  sufficiently  robust  to  identify  the  krill  aggregations  in  this  region.  Issues 
associated  with  noise  contamination  and  the  sensitivity  and  proper  functioning  of  the  43 
kHz  system,  however,  made  application  of  this  method  impossible  for  much  of  the  fall 
2001  survey,  and  all  of  both  winter  surveys.  In  these  cases,  krill  aggregations  were 
identified  on  the  basis  of  the  threshold  scattering  criterion  and  visual  scrutiny  to  remove 
the  ‘mixed-zooplankton  layers’  and  Tish  patches.’  This  approach  resulted  in  the 
extraction  of  krill  datasets  that  qualitatively  resemble  the  data  from  the  fall  of  2002  when 
the  5MVBS  method  could  be  applied.  Estimates  of  along-track  vertically-integrated 
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biomass  and  an  index  of  total  aggregation  biomass  from  the  fall  of  2002  were  also  highly 
comparable  to  the  other  surveys.  Other  studies  have  similarly  assumed  that  all  volume 
backscattering  exceeding  some  threshold  level  corresponded  to  krill  (e.g.,  Lascara  et  aL, 
1999;  Hewitt  et  al.,  2003).  Nonetheless,  our  estimates  of  biomass  for  the  fall  of  2001  and 
both  winters  must  be  approached  with  greater  caution. 

At  the  two  locations  where  net  samples  provided  a  basis  for  comparison,  length  estimates 
for  the  larger  krill  size  mode  from  all  three  error  terms  defined  here  were  encouragingly 
similar  to  mean  values  from  net  measurements,  within  a  margin  of  error  of  3-12%.  This 
congruence  in  acoustic  and  net  estimates  of  krill  length  agrees  with  the  results  of  previous 
studies  that  have  attempted  to  invert  multi-frequency  acoustic  observations  of  cuphausiid 
aggregations  and  compare  these  to  independent  estimates  of  animal  length  available  from 
other  sources  (e.g.,  Antarctic  krill,  Mitson  et  al.,  1996,  Azzali  et  ai,  2004,  Chu  et  al., 
submitted;  Meganyctiphanes  norvegica,  Kristensen  and  Dalen,  1982,  Warren  et  al.,  2003; 
Greenlaw,  1979).  The  consistently  accurate  estimation  of  animal  length  in  the  ])resent 
work  and  these  various  earlier  studies  may  relate  in  part  to  the  shape  of  the  scattering 
versus  frequency  relationship  and  particularly  the  transition  from  the  Rayleigh  to 
geometric  scattering  ranges  which  impart  so  much  information  in  estimating  length  being 
less  sensitive  to  uncertainty  associated  with  calibrations,  noise,  and  the  exact  scattering 
model  employed. 

As  pointed  out  earlier,  due  to  the  nature  of  the  scattering  versus  size  relationship,  there  is 
some  ambiguity  associated  with  exactly  how  the  acoustically-estimated  length  relates  to 
the  true  linear  mean  of  krill  lengths  in  each  aggregation.  It  is  perhaps  most  appropriate  to 
think  of  the  acoustically-estimated  mean  length  as  having  been  weighted  by  the  scattering 
process  through  the  use  of  the  krill  scattering  model,  or  in  more  tangible  terms  as  a  root- 
mean-square.  In  either  case,  however,  the  relative  information  provided  by  the  length 
estimates  made  acoustically  should  not  be  affected  by  this  uncertainty:  aggregations 
where  larger  lengths  are  estimated  should  have  larger  true  mean  lengths.  Furthermore,  as 
is  explained  further  below,  the  error  introduced  into  estimates  of  krill  biomass  by 
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uncertainty  associated  with  acoustic  estimates  of  the  mean  length  of  animals  in  each 
aggregation  is  likely  to  be  small.  The  fact  that  acoustically-estimated  lengths  were 
consistently  smaller  than  those  sampled  by  nets  may  relate  to  the  influence  of  the  smaller 
krill  length  mode  that  was  present  in  the  test  locations;  although  the  scattering  from  such 
small  krill  will  be  overwhelmed  by  that  of  the  larger  krill  when  the  latter  are  present  (as 
discussed  in  more  detail  in  section  4.3.1.b  of  the  results),  for  some  of  the  acoustic 
measurements  over  which  the  mean  volume  backscattering  used  for  the  inversions  was 
averaged,  small  krill  may  have  been  the  dominant  scatterer.  Such  instances  would  tend  to 
bias  the  shape  of  the  measured  backscattering  versus  frequency  relationship  towards  the 
shape  of  smaller  animals.  This  finding  may  also  relate  to  calibration  uncertainty  with  the 
43  kHz  system:  if  measurements  at  that  frequency  were  artificially  low,  the  estimated 
lengths  would  be  made  smaller.  Note  that  the  net  estimates  of  length  are  not  themselves 
thought  to  be  affected  by  avoidance  (Wiebe  et  aL,  2004). 

In  contrast  to  the  length  estimates,  much  greater  discrepancies  were  evident  between  the 
net  and  acoustic  estimates  of  krill  density.  Again,  this  is  consistent  with  previous  acoustic 
studies  of  euphausiids,  where  density  estimates  from  acoustic  systems  have  exceeded 
those  from  nets  by  one  to  three  orders  of  magnitude  (e.g.,  in  the  Antarctic,  Zhou  et  ai., 

1 994;  in  the  Irish  Sea,  Mitson  et  aL,  1 996;  in  the  Gulf  of  Maine,  Warren  et  aL,  2003). 

The  exception  to  this  pattern  is  the  comparable  acoustic  and  net  estimates  of  density 
made  by  Mitson  et  al.,  ( 1 996)  for  various  euphausiid  species  in  the  Gulf  of  Lawrence  and 
in  the  Antarctic.  In  the  present  study,  at  the  Laubeuf  Fjord  site,  density  estimates  from  the 
model-based  inversion  protocol  and  from  direct  scaling  of  observed  volume 
backscattering  by  observed  target  strength  were  highly  comparable,  but  both  were  an 
order  of  magnitude  larger  than  net  estimates  of  density.  In  Crystal  Sound,  acoustically- 
estimated  density  estimates  were  as  much  as  two  orders  of  magnitude  higher  than  those 
from  nets.  Although  there  is  uncertainty  associated  with  the  inversion  method  and  the 
target  strength  model  employed  that  might  affect  estimated  density,  such  concerns  do  not 
apply  to  the  approach  of  directly  scaling  in  situ  measured  volume  backscattering  by 
measured  target  strength.  This  latter  approach  does  still  assume  that  the  distribution  of 
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orientations  of  the  krill  at  the  short  ranges  from  the  towed  body  over  which  unbiased 
target  strengths  could  be  measured  (see  Lawson  et  al.,  2006)  was  the  same  as  for  the  krill 
at  greater  ranges  that  were  responsible  for  the  volume  backscattering  measurerrients.  Too 
little  evidence  exists  to  verify  this  assumption,  but  in  either  case,  the  congruence  in 
density  estimated  by  the  two  acoustic  approaches  suggests  that  the  offset  in  density  from 
acoustics  and  nets  relates  more  to  factors  other  than  the  target  strength  model  and 
inversion  method. 

Uncertainty  does  exist  in  the  acoustic  measurements  themselves.  Scattering  is  a  stochastic 
process,  and  the  mean  volume  backscattering  measurements  inverted  here  will  have  large 
confidence  intervals  in  cases  where  the  averages  were  over  small  aggregations  with  only 
limited  numbers  of  acoustic  observations  (Greenlaw  and  Johnson,  1983).  Similarly,  the 
inversion  method  assumes  that  that  total  scattering  is  simply  the  sum  of  the  contributions 
from  each  individual  scattering  organism,  which  requires  that  scatterers  are  randomly 
distributed  within  the  ensonified  volume  (Greenlaw  and  Johnson,  1983).  For  low 
densities  of  animals  or  short  ranges  where  the  ensonified  volume  is  particularly  small,  in 
combination  with  our  short  integration  intervals  (4  pings),  this  assumption  may  be 
suspect.  Noise  also  introduces  uncertainty  into  the  acoustic  measurements,  but  at  the 
maximum  range  considered  here  for  inversions  (100  m),  based  on  measured  average 
noise  profiles,  the  signal-to-noise  ratio  at  all  frequencies  should  exceed  10  dB 
Nonetheless,  while  all  of  these  concerns  introduce  error  into  the  acoustic  estimates  of 
length  and  numerical  density,  it  is  not  obvious  that  they  would  introduce  any  bias,  and 
certainly  are  unlikely  to  account  for  the  order  of  magnitude  offset  between  net  and 
acoustic  estimates  of  density. 

Some  of  the  difference  between  the  net  and  acoustic  estimates  of  density  relates  to  the 
acoustic  inversion  estimating  a  smaller  mean  length  of  animal  than  was  sampled  by  the 
nets.  If  we  assume  the  length  sampled  by  the  net  samples  and  use  the  inversion  to  solve 
for  only  the  abundance  of  krill  in  Laubeuf  Fjord,  we  arrive  at  density  estimates  of  4. 0-8. 9 
individuals  m'^,  rather  than  the  6.7-12.6  individuals  m'^  estimated  when  solving  for  both 
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length  and  abundance  simultaneously.  Like  previous  investigators  studying  the  use  of 
acoustics  for  measuring  krill  abundance  (e.g.,  Zhou  et  aL,  1994),  we  attribute  the 
remaining  difference  between  the  two  sampling  methods  to  spatial  and  temporal 
differences  in  acoustic  and  net  data  collection,  and  to  avoidance  by  the  krill.  Such 
avoidance  is  consistent  with  known  sensory  capabilities  and  swimming  speeds  for  krill; 
Wiebe  et  ai,  (2004)  calculated  that  a  40  mm  krill  swimming  at  speeds  of  8- 1 1  body 
lengths  s  '  (known  to  be  possible  from  work  by  Kils  1981)  would  need  to  commence 
avoiding  the  oncoming  MOCNESS  at  a  distance  of  2  m  to  avoid  capture.  In  fact,  krill 
have  been  observed  to  avoid  a  net  system  at  least  10  m  away  (Everson  and  Bone,  1 986). 
Sameoto  et  al.  (1993)  caught  10-20  times  more  of  the  euphausiid  Meganyctiphanes 
norvegica  when  using  lights  on  a  net  system  than  without,  suggestive  of  strong  avoidance 
capabilities  on  the  part  of  that  smaller  krill  species.  During  the  present  net  tows,  a  strobe 
light  was  used  to  reduce  avoidance  (shown  by  Wiebe  et  al,  2004  to  increase  catches  of 
large  krill  by  a  factor  of  approximately  two).  Despite  the  use  of  the  strobe,  avoidance  by 
the  strongly  swimming  krill  of  this  slowly  moving  net  system  (ca.  2  knots)  may  explain 
much  of  the  difference  between  net  and  acoustic  estimates  of  abundance. 

The  offset  in  data  collection  between  the  net  and  acoustic  systems  may  also  play  a  role  in 
explaining  some  of  the  difference  in  density  estimates.  The  nets  integrated  over  large 
volumes  of  water  (281-636  m^)  at  different  times  and  locations  to  the  acoustic  sampling. 
We  compare  the  resulting  net  estimates  of  density  to  acoustic  samples  taken  within  the 
heart  of  large  acoustically-observed  krill  aggregations,  but  due  to  the  offset  in  space  and 
time,  we  can’t  be  certain  whether  the  nets  sampled  exclusively  within  these  krill 
aggregations  or  whether  they  also  sampled  empty  water.  In  this  context,  it  is  interesting 
that  density  estimates  averaged  over  all  aggregations  identified  acoustically  in  the  overall 
vicinity  of  where  the  net  system  sampled  were  much  closer  to  net  estimates  than  was  the 
case  when  we  examined  only  volume  backscattering  in  the  exact  depth  interval  and  as 
close  as  possible  to  the  spatial  area  sampled  by  the  nets.  Furthermore,  although  the 
acoustic  estimates  of  krill  density  exceeded  those  from  the  nets,  they  fell  within  the  range 
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of  estimates  made  with  nets  elsewhere  (nets  0.2-348.3  individuals  m'^;  Siegel,  2000),  but 
below  those  estimated  visually  by  divers  (20,000-60,000  individuals  m'^;  Watkins,  2000). 

Some  previous  studies  employing  inverse  methods  to  estimate  krill  length  and  density 
have  modeled  the  scattering  from  individual  krill  as  that  from  a  fluid-filled  sphere  of 
equivalent  radius  (Greenlaw,  1979,  Mitson  et  aL,  1996,  Azzali  et  aL,  2004),  an  approach 
that  has  been  superceded  by  more  sophisticated  acoustic  models  with  more  realistic 
representations  of  the  animal’s  shape  (e.g.,  Stanton  et  aL,  1998).  We  used  the  physics- 
based  target  strength  model  of  Lawson  et  aL,  (2006),  which  models  the  shape  of  the 
animal  as  a  uniformly  bent  cylinder.  In  solving  for  animal  length  and  abundance,  we 
assumed  that  all  of  the  other  parameters  upon  which  scattering  depends  (e.g.,  orientation, 
acoustic  material  properties,  shape,  etc.)  are  known.  Chu  et  al.  (submitted)  have  also 
proposed  a  non-linear  inversion  method  by  which  both  scattering  model  parameters 
(specifically,  orientation  and  size)  and  animal  abundance  can  be  estimated 
simultaneously.  We  chose  to  take  the  simpler  approach  described  here  because  other  than 
length,  all  necessary  scattering  model  parameters  were  measured  or  observed  in  situ  for 
krill  from  the  actual  survey  area  and  study  period,  and  then  validated  with  direct  in  situ 
observations  of  krill  target  strength  (Lawson  et  aL,  2006).  The  non-linear  method  also 
requires  a  great  deal  of  computer-processing  time,  and  our  goal  was  to  apply  the  method 
to  all  acoustically-identified  krill  aggregations.  Furthermore,  the  Chu  et  al.  (submitted) 
method  has  been  tested  on  the  same  acoustic  aggregation  in  Crystal  Sound  examined 
here,  estimating  a  mean  length  of  38.4  mm  and  an  abundance  of  25  individuals  m'^, 
highly  comparable  to  the  results  of  our  simpler  approach  (length  37.5-38.5  mm, 
abundance  23.7-24.2  individuals  m'^). 

The  central  quantity  of  interest  here  in  terms  of  assessing  the  distribution  of  krill, 
however,  is  biomass.  Biomass  density  was  estimated  on  the  basis  of  volume 
backscattering  measured  at  120  kHz,  the  mean  krill  length  in  each  aggregation  estimated 
from  the  inversion,  the  target  strength  model  of  Lawson  et  aL,  (2006),  and  the  weight-to- 
length  relationship  measured  by  Wiebe  et  al.  (2004).  As  demonstrated  by  Hewitt  and 
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Demer  (1993),  acoustic  estimates  of  krill  biomass  density  are  much  less  sensitive  to  error 
associated  with  the  assumed  mean  length  than  are  estimates  of  numerical  density,  since 
the  increase  in  expected  scattering  from  one  krill  with  length  is  offset  by  the  decrease  in 
the  number  of  krill  required  to  make  up  one  kilogram  of  biomass  with  length.  The 
difference  in  the  target  strength  per  kilogram  of  krill  biomass  for  a  mean  krill  length  of  30 
mm  versus  45  mm  is  thus  only  1.2  dB,  or  a  factor  of  32%  in  biomass  density  estimates. 
The  potential  error  introduced  into  biomass  density  estimates  by  applying  the  estimated 
length  from  a  nearby  aggregation  for  aggregations  where  the  inverse  method  could  not  be 
applied,  or  by  applying  the  mean  length  observed  in  fall  to  the  survey  data  collected 
during  the  winter,  should  thus  be  relatively  minor.  Similarly,  any  uncertainty  propagated 
into  biomass  density  estimates  due  to  the  use  of  the  E2  error  term  in  estimating  mean  krill 
length  rather  than  the  other  two  terms  considered  should  be  small. 

The  biomass  density  estimates  made  here,  and  the  estimates  of  vertically-integrated 
biomass  per  unit  surface  area  and  the  index  of  total  aggregation  biomass  derived  from 
biomass  density,  are  also  subject  to  other  uncertainty  introduced  at  the  various  stages  of 
the  acoustic  analyses.  Although  thresholding  the  120  kHz  data  at  -70  dB  decreases  the 
likelihood  of  mistakenly  accepting  scattering  from  animals  with  smaller  target  strengths 
than  krill  or  occurring  at  lower  densities,  it  may  also  exclude  some  scattering  from  krill 
present  at  low  densities.  Antarctic  krill  are  not  thought  to  occur  often  or  at  large 
abundances  outside  of  aggregations  (Watkins,  1986),  however.  Furthermore,  the  majority 
of  observed  biomass  was  accounted  for  by  a  minority  of  very  large  and  dense 
aggregations  that  easily  passed  the  threshold  criterion,  and  so  the  impact  on  overall 
biomass  of  any  krill  excluded  by  the  threshold  should  be  small.  Visually  excluding 
scattering  found  in  the  Tish’  patches  and  mixed-zooplankton  layers  also  introduces 
uncertainty  and  subjectivity  into  our  biomass  estimates.  As  described  in  the  results, 
however,  the  evidence  supporting  the  exclusion  of  these  features  is  compelling,  and  the 
resulting  biomass  estimates  are  at  least  conservative.  Finally,  as  described  above,  all 
necessary  parameters  for  the  krill  target  strength  model  were  measured  for  animals 
sampled  in  the  study  region,  but  the  assumption  is  made  that  these  parameters  did  not 
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vary  spatially  or  temporally.  There  is  little  reason  to  expect  that  parameters  like  krill 
orientation  would  vary  across  the  study  region  or  between  survey  periods,  but  insufficient 
evidence  exists  to  address  this  concern  directly,  and  so  it  must  be  acknowledged  that  this 
assumption  may  introduce  some  further  uncertainty  into  the  present  results. 

4.4.2  Krill  distribution 

Krill  vertically-integrated  biomass  in  the  study  region  was  high  in  all  survey  periods 
other  than  the  winter  of  2001,  with  average  biomass  falling  between  36  and  78  g  m'  . 
These  estimates  are  consistent  with  estimates  of  mean  regional  biomass  per  unit  survey 
area  made  for  Antarctic  krill  in  other  parts  of  the  Southern  Ocean  using  both  nets  (0.03- 

31.2  g  m‘  )  and  acoustics  (1.87-187.7  g  m'  )  (Siegel,  2000),  giving  us  some  confidence  in 
our  methodologies.  Moreover,  the  present  vertically-integrated  biomass  estimates  are 
comparable  to  other  high-krill  areas  such  as  the  South  Shetland  Islands  (1-60  g  m‘^, 
Hewitt  e/  aL,  2003)  and  South  Georgia  (1.87-40.57  g  m'^,  Brierley  et  al.,  1997);  this 
confirms  the  notion  of  the  Marguerite  Bay  environs  as  a  region  rich  in  krill. 

The  overall  pattern  in  the  distribution  of  aggregations  was  one  of  many  small 
aggregations  closely  spaced  relative  to  one  another,  punctuated  by  much  more  episodic 
aggregations  of  very  large  size  and  biomass.  As  has  been  observed  previously  in  this 
region  and  elsewhere,  the  size  distribution  of  krill  aggregations  was  strongly  dominated 
by  many  small,  low-biomass  aggregations  (Lascara  et  al.,  1999;  Pauly  et  aL,  2000).  The 
majority  of  overall  biomass,  however,  was  accounted  for  by  the  small  number  of  very 
large  aggregations.  Nearest  neighbor  distances  indicated  that  most  aggregations  were 
found  in  close  proximity  to  one  another  (<  100  m  in  distance),  suggesting  that 
aggregations  occur  in  clusters.  In  part,  these  small  distances  may  also  reflect  an.ifacts  of 
our  sampling  protocols:  aggregations  might  be  curved  or  exhibit  holes,  such  that  they 
appear  discontinuous  in  our  acoustic  record,  but  are  continuous  in  un-sampled  waters 
alongside  the  vessel’s  track.  Our  imposition  of  a  threshold  scattering  level  may  also 
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artificially  break  up  into  separate  aggregations  features  that  are  in  fact  continuous  from 
the  perspective  of  the  krill,  although  at  densities  below  the  threshold. 


4.4.2.a  Fall 

Vertically-integrated  biomass  in  the  two  fall  survey  periods  was  comparable,  though 
slightly  higher  overall  in  2001,  and  with  very  high  variance  about  the  means.  During  both 
years,  biomass  during  fall  was  highest  in  coastal  regions,  decreased  over  the  shelf,  and 
was  particularly  low  in  the  surveyed  off-shelf  waters.  Portions  of  the  shelf  were 
unoccupied  by  krill  during  both  falls;  the  specific  portions  differed  between  years.  In  an 
acoustic  survey  conducted  during  fall  of  overlapping  portions  of  the  continental  shelf  to 
the  present  study  region,  Lascara  et  aL,  (1999)  estimated  biomass  along  transects  of 
length  1-2  km  ranging  from  0  to  101  g  m‘  ,  for  a  regional  average  of  12  g  m'^.  These 
estimates  are  encouragingly  similar  to  our  own,  although  direct  comparison  is  made 
difficult  by  that  study’s  assumption  that  all  measurements  of  volume  backscattering 
originated  from  krill  (likely  not  to  be  true  in  this  region,  Lawson  et  a!.,  2004),  their  only 
sampling  to  189  m  in  depth,  and  their  use  of  the  Greene  et  al.  (1991)  target  strength 
model  now  thought  to  produce  overly  large  target  strength  predictions  and  thus  overly 
small  abundance  estimates  (Demer  and  Conti,  2005;  Lawson  et  al.,  2006).  Our  vertically- 
integrated  biomass  estimates  during  fall  are  generally  larger  than  those  made  by  Lascara 
et  al.,  (1999),  perhaps  due  to  these  methodological  differences,  or  perhaps  due  to  inter¬ 
annual  variability. 

Mean  biomass  density  during  fall  in  the  present  surveys  was  maximal  below  a  depth  100 
m,  and  was  found  in  quite  close  association  with  the  bottom  (mostly  within  150  m).  This 
is  in  contrast  to  Lascara  et  al.,  (1999),  who  observed  greatest  biomass  in  fall  at  shallow 
depths  (<  75  m).  Again,  this  may  be  due  in  part  to  spatial  differences  in  the  exact  areas 
surveyed,  and  to  their  only  sampling  to  189  m  in  depth.  The  present  observations  of 
vertical  distribution  during  fall  also  contrast  the  general  consensus  from  spring  and 
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summer  surveys  of  krill  being  limited  to  the  upper  100  or  150  m  of  the  water  column 
(Miller  and  Hampton,  1989). 

The  frequency  distributions  of  acoustically-estimated  lengths  from  the  two  fall  surveys 
indicate  that  the  patterns  examined  here  in  acoustically-estimated  biomass  relate 
predominantly  to  adult  krill.  The  distributions  of  larval  stages  are  best  assessed  by  other 
methods  (e.g..  Video  Plankton  Recorder,  nets),  and  for  the  SO  GLOBEC  region  are  the 
subject  of  companion  studies  (Ashjian  et  ai,  2004;  Daly  2004).  In  addition,  the  pulse  of 
recruiting  juvenile  krill  (15-30  mm  total  length,  ca.  12.6-25  mm  in  terms  of  the  ‘acoustic’ 
length  considered  here)  observed  in  the  region  between  2001  and  2002  by  Daly  (2004)  is 
not  evident  in  our  results.  This  may  be  due  to  these  juvenile  krill  being  mostly  excluded 
by  our  methods  for  identifying  krill  aggregations,  or  to  Daly  (2004)  having  focused  on  a 
few  particular  ‘process  study’  sites  within  the  overall  SO  GLOBEC  region. 

The  spatial  distribution  of  estimated  krill  lengths  in  the  fall  of  2001  did  not  reveal  any 
obvious  patterns;  this  may  relate  either  to  a  lack  of  any  size-segregation  on  the  part  of  the 
krill,  or  to  error  associated  with  the  acoustic  measurements  in  that  survey.  In  contrast, 
during  the  fall  of  2002,  the  acoustic  system  was  performing  optimally  and  small  weighted 
mean  lengths  were  only  estimated  for  aggregations  relatively  close  to  the  coast,  while 
larger  lengths  were  more  broadly  distributed  across  both  coastal  and  shelf  regions.  A 
pattern  of  smaller  Antarctic  krill  distributed  more  coastally  has  also  been  obseived  based 
on  net  samples  in  spring  through  fall  by  Lascara  et  al.  (1999)  in  this  same  general  area, 
and  by  Jchii  et  al.  (1998)  during  summer  near  the  South  Shetland  Islands.  It  is  also 
important  to  recall  that  our  acoustic  methods  do  not  distinguish  between  the  different 
species  of  aggregating  euphausiid  that  may  be  present;  the  aggregations  with  smaller 
estimated  lengths  may  be  composed  of  Euphausia  crystallorophias,  which  attains  smaller 
maximum  lengths  (ca.  30  mm  observed  in  this  region,  K.  Daly  personal  communication) 
and  is  generally  thought  to  have  a  more  neritic  distribution  than  the  Antarctic  Itrill, 
Euphausia  superba  (Nordhausen,  1994;  Ross  et  ai,  1996). 
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4.4.2.b  Winter 


Evidence  concerning  the  distribution  of  adult  krill  in  winter  has  been  equivocal,  due  in 
part  to  a  paucity  of  surveys  during  this  season.  Possible  hypotheses  include  the  notions 
that  during  winter  krill  1)  are  associated  with  the  environment  immediately  under  the  ice; 
2)  migrate  to  neritic  regions;  or  3)  migrate  to  the  bottom.  Based  on  qualitative 
observations  made  with  an  ROV  in  the  Weddell  Sea,  Marschall  (1988)  suggested  that 
both  adult  and  larval  krill  spend  the  winter  in  close  association  with  the  under-ice 
environment  in  order  to  feed  on  ice-associated  algae.  In  contrast,  ROV  and  diver  surveys 
in  the  Bransfield  Strait  during  winter  have  only  seldom  observed  adult  krill  in  association 
with  the  under-ice  environment  (Quetin  et  aL  1996),  and  wintertime  net  surveys  in  the 
Gerlache  Strait  found  maximal  euphausiid  abundance  between  15  and  50  m  depth 
(Nordhausen,  1994;  Zhou  et  aL,  1994).  Quetin  et  aL  (1996)  suggested  that  small  krill  are 
able  to  exploit  the  under-ice  environment  as  they  are  less  susceptible  to  predation  by 
shallow  feeding  predators  such  as  penguins,  while  larger  krill  occupy  mostly  deeper 
depths  since  they  are  more  robust  and  able  survive  long  periods  of  little  food. 

A  competing  hypothesis  is  that  after  migrating  to  spawn  along  the  continental  shelf-break 
and  spending  the  summer  broadly  distributed  over  shelf  and  oceanic  waters,  krill  migrate 
during  fall  to  over-winter  in  inshore  regions  (Siegel,  1988).  This  hypothesis  was  proposed 
based  on  high  net  catches  during  winter  of  post-larval  krill  in  coastal  waters  and  low 
catches  in  the  waters  beyond  the  continental  slope  where  krill  were  abundant  during 
spring  and  summer  (Siegel  1989).  It  was  further  supported  by  the  seasonal  acoustic 
surveys  conducted  by  Lascara  et  aL  (1999),  and  by  the  observations  made  acoustically  by 
Zhou  et  aL  (1994)  and  with  nets  by  Nordhausen  (1994)  of  high  krill  biomass  in 
association  with  the  coastal  bays  and  islands  of  the  Gerlache  Strait.  Siegel  (2005)  and 
Lascara  et  aL  (1999)  also  recognized  the  alternate  possibility,  however,  that  the  apparent 
seasonal  decrease  in  krill  abundance  from  spring/summer  to  fall/winter  may  stem  from 
krill  migrating  to  deeper  portions  of  the  water  column,  beyond  the  reach  of  standard 
survey  depths  (200  m).  In  support  of  this  latter  view,  some  studies  have  suggested  that 
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krill  may  lake  on  a  bentho-pelagic  existence  during  winter,  based  on  light  trap  catches 
under  fast  ice  in  waters  shallower  than  50  m  in  depth  (Kawaguchi  et  aL,  1986)  and 
acoustic  observations  supplemented  by  occasional  net  samples  of  krill  layers  from  the 
bottom  to  20  m  above  near  South  Georgia  (Heywood  et  al.,  1985).  Benthic  diatom 
species  have  also  been  observed  in  stomach  content  analyses  of  krill  collected  in  winter 
in  Peninsula  waters  (Ligowski,  2000).  The  Nordhausen  (1994)  and  Zhou  et  al.  (1994) 
studies,  however,  sampled  to  290  and  400  m,  respectively,  and  so  would  have  been  less 
likely  to  miss  the  krill  due  to  their  being  distributed  at  greater  depths  during  winter. 

In  the  present  study,  while  few  krill  were  observed  in  the  winter  of  2001,  numerous 
aggregations  were  observed  in  winter  2002,  broadly  distributed  over  the  survey  area. 
Overall  vertically-integrated  biomass  in  the  winter  of  2002  was  two  orders  of  magnitude 
larger  than  in  2001.  Although  we  cannot  assess  the  abundance  of  krill  immediately  under 
the  ice  due  to  the  upper  limit  of  the  acoustic  system,  we  can  say  that  within  the  surveyed 
portion  of  the  water  column,  the  majority  of  krill  biomass  was  found  below  a  depth  of 
100  m,  and  deeper  in  winter  2002  than  the  fall  of  that  year.  Furthermore,  like  the 
Nordhausen  (1994)  and  Quetin  et  al.  (1996)  studies,  companion  SO  GLOBEC  surveys 
conducted  with  an  ROV  (S.  Gallager,  unpublished  data,  and  see  U.S.  SO  GLOBEC, 
2002b)  and  diver  observations  (K.  Daly,  personal  communication)  observed  only  few 
post-larval  krill  under  the  ice.  We  thus  find  very  little  support  for  the  hypothesis  that 
adult  krill  inhabit  only  the  environment  immediately  under  the  ice  during  winter  in  this 
region.  Note  that  as  indicated  above,  the  present  acoustic  estimates  of  biomass  are 
dominated  by  larger  krill,  and  the  acoustic  system  is  not  suited  to  sampling  larval  stages; 
the  present  results  thus  do  not  allow  us  to  address  the  question  of  how  larval  krill  were 
distributed  and  whether  they  were  associated  with  the  under-ice  environment  during 
winter. 

The  previous  wintertime  surveys  upon  which  the  hypothesis  of  a  seasonal  migration  to 
coastal  regions  was  based  were  limited  in  depth  to  189  m  (the  acoustic  survey  of  Lascara 
et  al.,  1999)  and  200  m  (the  net  survey  of  Siegel  1989).  In  the  present  study,  due  to  the 
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use  of  a  chirp  pulse  (Ehrenberg  and  Torkelson,  2000)  and  to  the  ability  of  the 
BlOMAPER-11  to  be  towed  at  depths  up  to  400  m,  we  were  consistently  able  to  sample 
acoustically  to  500  m,  often  reaching  even  greater  depths.  This  allowed  us  to  sample  to 
the  bottom  over  much  of  the  survey  region.  Despite  this  ability,  krill  biomass  observed  in 
the  winter  of  2001  was  much  lower  than  the  fall  of  that  year.  Similar  to  the  winter  survey 
of  Lascara  et  aL  (1999),  vertically-integrated  biomass  was  zero  or  negligible  along  all  but 
a  few  of  the  survey  transects.  Also  similar  to  the  surveys  conducted  during  winter  by 
Nordhausen  (1994)  and  Zhou  et  aL  (1994)  using  nets  and  acoustics,  respectively,  krill 
biomass  was  maximal  vertically  at  depths  less  than  100  m,  and  horizontally  was  greatest 
in  regions  close  to  shore.  The  high  biomass  observed  in  the  winter  of  2002,  however, 
confuses  matters  substantially.  Krill  during  this  period  were  broadly  distributed  across  the 
shelf  and  also  found  in  off-shelf  waters.  Vertically,  the  greatest  biomass  was  found  at 
depths  greater  than  150  m.  The  fact  that  the  krill  were  not  restricted  to  the  most  coastal 
areas  surveyed  does  not  appear  consistent  with  an  obligate  migration  to  over-winter  in  the 
inner-most  reaches  of  the  shelf.  Much  of  the  observed  biomass  was  found  at  depths 
unattainable  by  the  Lascara  et  al.  (1999)  and  Siegel  (1989)  survey  protocols,  consistent 
with  the  notion  that  krill  did  over-winter  deeper  in  the  water  column.  Such  depths  were 
still  surveyed  in  the  winter  of  2001,  and  were  likewise  sampled  by  the  winter  surveys  of 
Nordhausen  (1994)  and  Zhou  et  al.  (1994).  This  raises  the  question  of  why  the  results 
from  the  winter  of  2002  differed  so  drastically  from  those  of  2001,  and  from  those  of 
previous  krill  surveys  conducted  during  the  winter  season. 

The  two  winter  surveys  overlapped  spatially  less  than  in  fall,  but  given  the  broad 
distribution  observed  in  2002,  if  krill  had  been  similarly  distributed  in  the  winter  of  2001 
it  seems  unlikely  that  they  would  have  gone  undetected.  The  difference  between  the  two 
winters  also  does  not  seem  likely  to  relate  to  inter-annual  fluctuations  in  total  population 
abundance  or  recruitment,  since  estimated  biomass  was  highly  comparable  in  the  two 
falls.  Furthermore,  during  both  winters  the  area  was  entirely  covered  by  ice,  and  the 
water  masses  occupied  by  large  krill  aggregations  in  the  winter  of  2002  were  also  present 
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in  2001.  In  all  apparent  respects,  similar  habitat  to  that  occupied  in  the  winter  of  2002 
was  thus  available  (and  surveyed)  in  the  winter  of  2001. 

One  substantial  difference  between  the  two  years  was  an  earlier  arrival  of  the  seasonal 
advance  of  the  ice  sheet  in  2002  (Perovich  et  aL,  2004).  If  as  ice  forms  the  krill  move 
along  the  shelf  towards  the  northeast  following  the  advance  of  the  pack  ice,  migrating  to 
depth  in  late  fall  and  winter  based  on  internal  or  external  cues  that  do  not  vary  between 
years  (e.g.,  day  length),  then  their  distribution  in  winter  would  be  expected  to  be  more 
southerly  in  2001  than  2002.  It  is  possible  that  such  inter-annual  differences  in  along- 
shelf  movements  may  have  resulted  in  the  near  absence  of  krill  in  the  study  region  during 
the  winter  of  2001;  such  migrations  could  also  be  related  to  factors  other  than  ice.  We 
also  cannot  exclude  the  possibility  that  predation  pressure  during  fall  and  winter  may 
relate  to  ice  cover,  with  less  predation  mortality  in  the  winter  of  2002  when  the  ice 
arrived  earlier  and  was  thicker  with  fewer  leads. 

Alternately,  along-shelf  advection  may  play  an  important  role  in  determining  krill 
abundance  in  the  region.  The  present  surveys  did  not  cover  the  entire  likely  range  of  these 
krill  populations,  and  high  abundances  are  known  to  be  present  north  of  our  study  region 
(Lascara  et  al.,  1999;  and  see  our  observation  of  high  vertically-integrated  biomass  in 
Crystal  Sound  in  the  fall  of  2002,  Figure  4.9).  These  more  northerly  krill  might  be 
transported  southwards  into  the  region  by  the  coastal  current,  inter-annual  variability  in 
such  advection  or  in  krill  production  at  upstream  sources  could  explain  the  presence  or 
absence  of  high  krill  biomass  during  our  snapshot  winter  surveys.  Similarly,  during  the 
fall  of  2001,  biomass  was  low  over  the  southern  outer  shelf  region,  and  krill  were  mostly 
absent  that  winter.  This  contrasts  the  fall  of  2002,  where  abundant  krill  were  abundant 
over  the  southern  surveyed  shelf  region;  if  flow  is  generally  towards  the  northeast  over 
the  outer  shelf  then  the  krill  present  towards  the  south  in  fall  2002  may  have  been 
advected  along  the  shelf,  where  they  were  later  captured  by  our  winter  survey. 
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4.4.2.C  Environmental  associations 


Highest  krill  vertically-integrated  biomass  during  both  of  the  fall  surveys  was  associated 
with  regions  close  to  land,  where  temperatures  at  depth  were  cooler  than  what  was 
available  on  the  shelf  as  a  whole.  GAM  analyses  suggested  that  the  maximum 
temperature  below  a  depth  of  200  m  (Tmax)  was  consistently  the  best  predictor  of  krill 
presence  vs.  absence  and  vertically-integrated  biomass  where  it  exceeded  zero  in  our 
study  region,  although  in  a  negative  direction,  and  thus  opposite  to  that  predicted  under 
the  hypothesis  that  krill  are  associated  with  Circumpolar  Deep  Water  (CDW).  Statistical 
analysis  of  environmental  influences  on  krill  distribution  also  revealed  a  consistent 
negative  association  with  the  distance  to  nearest  land.  Lascara  et  al.  (1999)  similarly 
observed  a  general  pattern  of  higher  biomass  during  fall  closer  to  the  coast.  Trathan  et  al. 
(2003)  demonstrated  a  similar  negative  association  of  summertime  krill  abundance  at 
South  Georgia  with  temperature  in  broad-scale  GAM  analyses  of  acoustic  data  averaged 
over  80  km-long  transects.  They  attributed  this  pattern  to  variation  in  the  position  of  the 
southern  Antarctic  Circumpolar  Current  front,  however,  and  it  is  unlikely  that  such  large- 
scale  processes  are  responsible  for  the  relationships  of  krill  biomass  with  temperature 
observed  here. 

Al  the  finer  scales  of  0.5  km  acoustic  integration  intervals,  Trathan  et  al.  (2003)  found  no 
consistent  effect  of  temperature,  and  instead  bathymetry  was  the  only  consistent  predictor 
of  abundance,  with  abundance  greatest  near  the  shelf-break  (similar  to  the  qualitative 
summertime  observations  of  Ichii  et  al.,  1998  and  Pauly  et  al.,  2000).  Krill  in  summer 
may  be  associated  with  the  shelf  break  in  order  to  be  positioned  above  CDW,  due  to  the 
latter  being  favorable  to  successful  spawning  (Hofmann  et  al.,  1992).  Krill  during  our 
post-spawning  season  surveys,  however,  showed  no  association  with  CDW,  nor  with  the 
shelf  break.  Intrusions  of  nutrient-rich  CDW  have  also  been  linked  to  enhanced  primary 
production  in  this  region  (Prezelin  et  al.,  2004),  and  were  evident  during  our  surveys 
(Klinck  et  al.,  2004),  but  also  were  not  associated  with  enhanced  krill  biomass.  Visual 
examination  of  the  relationship  between  chlorophyll  a  concentration  and  krill  vertically- 
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integrated  biomass  in  fall  suggested  a  mostly  inverse  relationship,  and  statistical  analysis 
confirmed  this  for  the  fall  of  2002. 

The  relationship  of  krill  with  phytoplankton  may  be  scale-dependent,  and  our  choice  of  1- 
km  along-track  intervals  for  examining  environmental  influences  on  krill  biomass  may 
have  influenced  the  results  of  the  statistical  analysis.  Visual  examination  of  the 
association  of  krill  biomass  with  chlorophyll  a,  however,  indicated  large  regions  of  zero 
krill  biomass  coincident  with  high  concentrations  of  chlorophyll  a.  During  2002  in 
particular,  this  region  of  high  chlorophyll  and  zero  krill  biomass  occupied  an  area  of 
approximately  120  km  along-shelf  by  at  least  50  km  across-shelf  Whether  we  had 
examined  a  smaller  scale,  such  as  the  scale  of  individual  krill  aggregations,  or  some 
interval  larger  than  1-km,  the  overall  pattern  of  zero  biomass  in  the  central  portion  of  the 
shelf  where  chlorophyll  a  levels  were  highest  would  still  stand.  This  negative  association 
of  krill  biomass  with  chlorophyll  a  may  relate  to  the  krill  having  depleted  phytoplankton 
stocks  in  the  regions  they  inhabited;  to  predators  removing  krill  from  certain  regions, 
allowing  phytoplankton  to  achieve  higher  concentrations;  or  to  a  fall  bloom  occurring  in 
an  area  simply  not  inhabited  by  krill.  It  is  also  possible  that  the  high  chlorophyll  levels 
were  due  to  algal  mats  or  some  other  form  of  phytoplankton  that  might  be  too  large  or 
otherwise  unpalatable  to  the  krill.  High  abundances  of  algal  mats  were  observed  with  the 
VPR  in  the  vicinity  of  the  region  of  elevated  chlorophyll  during  the  fall  of  2002  (C. 
Ashjian,  unpublished  data),  providing  some  support  for  this  hypothesis. 

Qualitative  examinations  of  krill  abundance  in  relation  to  dynamic  topography  have 
previously  led  to  the  suggestion  that  high  krill  abundance  may  be  associated  with  regions 
of  high  velocity  gradients  and  the  sluggish  currents  associated  with  eddies  and  meanders 
(Witek  et  al.,  1 988;  Brinton,  1991 ;  Ichii  et  aL,  1 998),  and  that  retention  may  contribute  to 
the  formation  of  regions  of  enhanced  krill  abundance.  The  main  known  retentive  feature 
in  the  present  study  region  is  a  large  and  persistent  gyre  situated  over  the  northern  shelf, 
where  krill  biomass  was  low  in  fall.  Although  the  gyre  appears  to  weaken  in  winter 
(Klinck  et  ai,  2004),  high  krill  biomass  was  found  in  its  vicinity  during  the  winter  of 
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2002.  Currents  in  the  gyre  were  on  the  order  of  3  to  15  cm  s*'  (from  ADCP  and  dynamic 
height  calculations,  respectively;  Klinck  et  al.,  2004),  while  krill  are  capable  of  sustained 
swimming  speeds  of  10  to  15  cm  s  '  (Kils,  1981).  It  is  thus  not  clear  to  what  degree  the 
gyre  may  serve  to  retain  krill.  There  was  also  a  certain  indication  from  statistical  analyses 
of  the  data  from  the  fall  of  2002  that  krill  were  associated  with  regions  of  low  currents. 
This  provides  some  very  limited  support  for  our  hypothesis  that  krill  biomass  select 
habitats  where  currents  and  horizontal  current  shear  are  weak,  in  order  to  avoid  advection 
out  of  the  area  and  having  aggregations  being  pulled  apart  by  shear,  respectively.  The 
lack  of  a  clear  and  consistent  relationship  between  krill  biomass  and  currents  over  all 
surveys  may  either  be  due  to  currents  not  exerting  a  strong  influence  on  krill  distribution, 
or  to  the  scales  chosen  for  the  present  analysis  (currents  averaged  over  hourly  intervals 
and  krill  biomass  over  distances  of  1  km)  not  being  appropriate  to  the  detection  of  any 
relationship. 

It  is  not  immediately  obvious  why  these  coastal  regions  where  cooler  waters  were  present 
at  depth  and  the  abundance  of  phytoplankton  prey  was  low  were  most  favorable  during 
fall  as  krill  habitat,  but  it  is  perhaps  appropriate  to  speculate  on  potential  explanations. 
One  possibility  may  relate  to  the  strong  coastal  current  flowing  in  a  generally  southwards 
direction  through  the  study  region  (Figure  4.1b;  Klinck  et  aL,  2004).  This  current  may 
serve  to  bring  zooplankton  prey  to  the  omnivorous  krill  during  this  period  when 
phytoplankton  prey  are  so  low.  It  is  also  possible  that  the  canyons  and  regions  of  variable 
bathymetry  present  in  these  coastal  regions  provide  a  refuge  from  currents  that  otherwise 
would  advect  the  krill  from  the  region.  Meso-scale  eddies  were  present  in  these  coastal 
waters  during  both  years  (Klinck  et  aL,  2004;  Zhou  and  Borland  2004),  potentially 
enhancing  retention  of  krill  or  its  planktonic  prey.  Alternately,  contrary  to  the  general 
understanding  that  krill  spawn  along  and  beyond  the  continental  shelf  break  (reviewed  in 
Siegel,  2005),  Brinton  (1991)  suggested  on  the  basis  of  patterns  in  the  distribution  of 
larval  krill  in  the  western  Bransfield  Strait  that  some  krill,  particularly  small  adults,  may 
spawn  in  the  deep  basins  in  coastal  reaches  of  the  continental  shelf.  It  is  thus  possible  that 
the  krill  observed  in  coastal  regions  during  fall  in  the  present  study  were  occupying  these 
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waters  in  preparation  for  coastal  spawning  in  the  following  spring  and  summer.  This  does 
not  seem  fully  consistent,  however,  with  the  observation  during  the  winter  of  2002  that 
krill  biomass  was  high  over  most  of  the  shelf,  and  that  unlike  the  fall  of  that  year,  high 
biomass  was  no  longer  restricted  to  the  coastal  regions  of  deep  canyons.  Finally,  the 
present  surveys  also  only  represent  a  brief  window  in  time,  and  the  krill  may  have  been 
responding  to  unmeasured  environmental  conditions  that  preceded  the  survey  periods. 


4.5  CONCLUSIONS 

This  study  addressed  the  paired  goals  of  developing  acoustic  methodologies  for  making 
estimates  of  ecologically-relevant  quantities  from  multi-frequency  acoustic  data,  and  then 
employing  these  estimates  to  examine  variability  in  the  distribution  of  krill  in  the 
Marguerite  Bay  region  during  the  falls  and  winters  of  2001  and  2002.  A  biologically- 
based  threshold  level  of  volume  backscattering  strength  for  identifying  krill  aggregations 
was  developed  using  published  measurements  of  krill  visual  acuity.  Additional 
verification  was  provided  of  the  robust  nature  of  established  multi-frequency  methods  for 
discriminating  krill  aggregations  from  other  sources  of  scattering  (reviewed  in  Watkins 
and  Brierley,  2002).  Mean  volume  backscattering  strength  in  these  acoustically-identified 
aggregations  was  then  used  to  estimate  simultaneously  the  weighted  mean  length  and 
density  of  krill  in  each  aggregation,  and  on  the  basis  of  these,  krill  biomass.  The  potential 
for  multi-frequency  data  and  mathematical  inverse  techniques  to  be  used  for  the 
simultaneous  and  quantitative  estimation  of  zooplankton  abundance  and  size  has  been 
known  since  Holliday  (1977),  but  to  the  best  of  our  knowledge,  this  study  marks  the  first 
time  that  such  methods  have  been  applied  to  broad-scale  data  from  Antarctic  krill 
surveys.  Comparison  of  the  results  of  the  acoustic  analysis  to  net  samples  were  favorable 
in  the  case  of  estimated  krill  length,  but  acoustic  estimates  of  krill  density  exceeded  those 
from  nets  by  one  to  two  orders  of  magnitude,  likely  due  primarily  to  avoidanee  and 
differences  in  the  volumes  sampled  by  the  two  systems. 
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Strong  variability  was  evident  in  the  distribution  of  krill  biomass  both  in  a  spatial, 
seasonal,  and  inter-annual  sense.  Very  high  krill  biomass  was  observed  at  depth  over  the 
continental  shelf  region  in  the  winter  of  2002.  This  differed  from  the  results  of  the  survey 
conducted  during  the  winter  of  2001,  and  from  the  results  of  the  few  winter  surveys 
conducted  previously  for  krill,  where  krill  biomass  observed  has  been  shallowly- 
distributed  and  very  low  (Lascara  et  al.,  1999)  or  mostly  restricted  to  coastal  bays  and 
islands  (Nordhausen,  1994;  Zhou  et  al,  1994).  The  exact  reasons  behind  this  difference 
are  not  known,  but  generally  demonstrate  the  highly  variable  nature  of  krill  distribution. 

Few  previous  studies  have  demonstrated  clear  and  consistent  relationships  between  krill 
abundance  and  environmental  properties  (Siegel  2005).  In  part,  this  has  been  due  to  data 
on  krill  abundance  and  environmental  features  being  collected  at  disparate  scales,  leading 
to  uncertainty  in  making  statistical  inferences  (Weber  et  al.,  1986).  In  the  present  study, 
environmental  data  were  collected  at  highly  similar  scales  to  the  1-km  intervals  chosen 
for  examining  krill  vertically-integrated  biomass.  Several  consistent  and  interesting 
patterns  emerged  that  provide  a  certain  predictive  capability  concerning  krill  distribution. 
They  do  not,  however,  allow  any  firm  conclusions  regarding  the  impetus  behind  krill 
distribution;  the  reasons  why  krill  inhabit  the  coastal  regions  of  cooler  and  fresher  waters, 
or  are  brought  to  them,  remain  unclear.  Since  these  coastal  regions  were  also 
characterized  by  high  abundances  of  predators,  especially  seals  (Bums  et  al.,  2004), 
further  investigation  of  this  question  is  warranted  to  provide  a  comprehensive 
understanding  of  the  links  between  physical  processes,  the  Antarctic  krill,  and  its 
predators. 
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Chapter  5 


Krill  Aggregation  Structure  and  Verticai 
Migration  in  Relation  to  Features  of  the 
Physical  and  Biological  Environment 

5.1  INTRODUCTION 

Patchiness  in  the  distribution  of  zooplankton  can  occur  due  to  a  variety  of  mechanisms. 
Fully  planktonic  animals  will  tend  to  be  distributed  passively  according  to  physical 
processes,  while  larger  animals  capable  of  overcoming  prevailing  currents  (i.e.. 
micronekton)  are  able  to  aggregate  actively.  Such  aggregations  may  form  due  to 
enhanced  foraging  efficiency  in  aggregations  (Antezana  and  Ray,  1 984),  energetic 
advantages  such  as  hydrodynamic  gains  (Ritz,  1994),  social  factors  such  as  greater 
success  at  locating  mates,  or  reduced  exposure  to  predators  either  through  confusion, 
dilution,  or  evasion  (Folt  and  Bums,  1999).  Trade-offs  likely  exist  as  well,  since  the 
benefits  of  aggregating  must  be  balanced  against  increased  intra-specific  competition. 

Most  euphausiids  aggregate  to  some  extent  (Mauchline,  1980a),  but  the  Antarctic  krill 
{Eiiphausia  superba)  is  notable  for  its  consistent  formation  of  strikingly  cohesive 
aggregations,  ranging  in  horizontal  extent  from  meters  to  several  kilometers,  and 
vertically  from  1  to  250  m  (Watkins,  2000).  Krill  aggregative  behavior  is  not  restricted  to 
adults,  but  is  also  seen  in  larval  forms  (Marr,  1962;  Hamner  et  ai,  1989).  The  persistent 
occurrence  of  krill  in  such  aggregations  has  led  many  authors  to  suggest  that  the  krill 
swarm  constitutes  the  basic  ecological  unit  of  the  species  (Watkins,  1986).  These 
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aggregations  are  highly  recognizable  with  hydroacoustic  instruments,  making  the  krill  a 
model  species  for  the  in  situ  study  of  zooplankton  aggregation.  The  formation  of  dense 
aggregations  susceptible  to  capture  by  nets  also  makes  the  Antarctic  krill  attractive  for 
commercial  exploitation,  and  the  krill  fishery  is  one  of  the  largest  crustacean  fisheries  in 
the  world  (Ichii,  2000). 

Aggregation  in  the  Antarctic  krill  is  thought  to  represent  a  balance  between  the  benefits 
of  predator  avoidance  and  possibly  an  enhanced  ability  to  locate  patchily-distributed  food 
resources  (Antezana  and  Ray,  1984),  and  the  disadvantage  of  increased  intra-specific 
competition  once  food  patches  are  located  (Daly  and  Macaulay,  1991).  Physical 
processes  may  also  play  a  role,  however,  and  Zhou  and  Borland  (2004)  suggest  that 
horizontal  current  shear  and  strain  limit  the  horizontal  extent  of  krill  aggregations.  Most 
studies  examining  the  relationship  of  krill  and  higher  predators  have  concentrated  on  the 
question  of  how  the  distribution  and  population  size  of  land-based  and  diving  predators 
relates  to  that  of  the  krill  (Alonzo  and  Mangel,  2001).  The  role  of  predators  in  driving 
krill  aggregation  has  rarely  been  examined  directly  (Daly  and  Macaulay,  1991;  Zhou  and 
Borland,  2004),  even  though  the  different  diving  depths,  spatial  ranges,  and  feeding 
mechanisms  of  the  various  predators  may  have  important  consequences  to  the  predation 
pressure  experienced  by  krill  at  different  spatial  and  temporal  scales. 

Although  it  has  often  been  studied  separately  from  aggregation,  diel  vertical  migration  by 
zooplankton  is  similarly  thought  to  relate  to  feeding  and  avoiding  predators  (Ritz,  1994). 
For  krill,  the  typical  pattern  observed  in  spring  and  summer  is  one  of  a  diurnal  migration 
from  deeper  depths  inhabited  during  the  day,  where  predation  pressure  from  visual 
predators  may  be  lower,  towards  the  surface  at  night,  presumably  to  feed  (Godlewska, 
1996).  Sometimes  this  upwards  migration  is  associated  with  dispersal  of  the  animals  into 
more  loosely-associated  aggregations  during  night  (Demer  and  Hewitt,  1995). 

Wintertime  studies  of  the  vertical  position  of  krill  aggregations  have  observed  no 
evidence  of  die!  vertical  migrations  (Ross  et  aL,  1996),  although  Taki  ei  al.  (2005) 
inferred  from  Japanese  kiill  fishery  catch  data  that  migrations  do  occur  in  winter,  and  at 
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greater  depths  and  with  greater  amplitude  than  in  summer.  Godlewska  (1996)  suggests 
that  the  amplitude  of  summertime  vertical  migrations  varies  with  the  availability  of  food, 
with  larger  migratory  extents  under  good  feeding  conditions.  The  potentially  modulating 
effect  of  the  presence  of  predators  has  not  been  examined  directly  for  Antarctic  krill,  but 
Onsrud  and  Kaartvedt  (1998)  found  that  upwards  migrations  at  night  by  the  related 
euphausiid  Meganyctiphanes  norvegica  were  restricted  when  planktivorous  fish  were 
abundant  in  surface  waters. 

Since  the  advent  of  modem  acoustic  sensors  and  their  application  in  the  Antarctic, 
analysis  of  the  characteristics  of  individual  acoustically-detected  aggregations  has 
typified  the  study  of  Antarctic  krill  aggregative  and  vertical  migratory  behavior.  In  the 
absence  of  an  ability  to  conduct  experimental  studies,  identifying  associations  between 
characteristics  of  aggregations  observed  acoustically  and  external  or  internal  factors 
allows  inferences  to  be  made  concerning  the  forces  driving  the  aggregative  behavior  of 
the  animals  involved  (Nero  et  aL,  1990).  This  approach  has  revealed  that  aggregation 
size,  density,  and  position  in  the  water  column  can  vary  between  seasons  (Ross  et  aL, 
1996;  Lascara  et  aL,  1999),  geographic  locations  (Miller  et  al.,  1993),  and  in  ice-covered 
versus  open  waters  (Sprong  and  Schalk,  1992;  Zhou  and  Dorland,  2004).  Net  studies 
have  demonstrated  that  biological  characteristics,  such  as  the  length  distribution  and 
maturity  stage  of  constituent  members,  are  generally  quite  similar  within  krill 
aggregations,  but  differ  substantially  between  even  close  neighboring  aggregations 
(Watkins,  1986).  The  only  study  to  examine  whether  such  internal  biological  properties 
such  as  animal  length  are  related  to  any  morphological  or  positional  features  of  the 
aggregations  identified  via  acoustics,  however,  found  no  associations  for  the  30 
aggregations  analyzed  (Ricketts  et  al.,  1992). 

In  this  study  we  examine  the  morphology,  internal  composition,  and  vertical  position  of 
individual  krill  aggregations  observed  during  broad-scale  acoustic  surveys  of  the  Western 
Antarctic  Peninsula  continental  shelf  in  fall  and  winter,  in  relation  to  a  variety  of 
concurrently-measured  features  of  the  physical  and  biological  environment.  These 
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include  time  of  day,  food  availability,  ice  cover,  vertical  and  horizontal  current  shear,  and 
the  occurrence  of  predators  including  whales,  seals,  and  penguins.  More  specifically,  we 
seek  to  address  the  following  inter-related  questions: 

1 .  Do  the  krill  in  fall  and  winter  exhibit  diel  vertical  migration  or  other  diel  changes 
in  aggregation  structure,  and  are  such  patterns  modified  by  the  presence  of  food, 
ice  cover,  or  predators?  Are  any  other  aggregation  characteristics  influenced  by 
these  environmental  properties? 

2.  Is  the  size  of  aggregations  affected  by  current  shear? 

3.  Is  there  any  evidence  of  size-related  changes  in  aggregative  behavior,  as  indicated 
by  comparisons  of  aggregation  characteristics  to  acoustic  estimates  of  mean 
animal  length?  Following  on  the  previous  point,  as  animals  become  larger  and 
have  greater  swimming  capabilities,  are  they  better  equipped  to  overcome 
currents,  and  so  do  their  aggregations  become  larger  ? 

4.  Are  there  seasonal  or  inter-annual  changes  in  the  above-described  relationships, 
indicative  of  changes  in  the  impetus  or  nature  of  aggregative  and  vertical 
migratory  behavior? 

Finally,  we  select  certain  large  and  high-biomass  aggregations  for  more  detailed 
examination  of  intra-aggregation  variation  in  krill  length  and  density.  Ultimately,  the  aim 
of  this  work  is  to  assess  the  relative  factors  driving  krill  aggregative  and  vertical 
migratory  behavior. 


5.2  METHODS 

5.2.1  Study  area 

This  study  was  conducted  as  part  of  the  U.S.  Southern  Ocean  GLOBal  ECosystems 
Dynamics  program  (GLOBEC;  Hofmann  et  al.,  2002),  which  has  as  its  primary  study  site 
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the  continental  shelf  region  in  and  around  Marguerite  Bay,  west  of  the  Western  Antarctic 
Peninsula  (see  Figure  4. 1  in  Chapter  4).  Four  surveys  were  conducted  of  the  region  by  the 
RVIB  Nathaniel  B.  Palmer:  two  surveys  in  austral  fall  (acoustic  data  collection  from 
April  29  to  June  1, 2001  and  April  14  to  May  14,  2002)  and  two  in  winter  (July  27  to 
August  24,  2001,  and  August  12  to  September  9,  2002).  Survey  tracks  were  determined 
by  the  position  of  hydrographic  stations  positioned  nominally  every  10-40  km  along  13 
transect  lines  spaced  40  km  apart  and  running  across  the  continental  shelf,  loosely 
perpendicular  to  the  Peninsula  coastline  and  shelf-break. 


5.2.2  Data  collection 

Observations  of  krill  aggregations  were  derived  from  acoustic  data  collected  using  the 
Blo-Optical  Multi-frequency  Acoustical  and  Physical  Environmental  Recorder 
(BIOMAPER-II;  Wiebe  et  aL,  2002),  a  towed  system  consisting  of  a  multi-frequency 
echosounder,  a  Video  Plankton  Recorder  (VPR),  and  an  environmental  sensing  system 
(Conductivity,  Temperature,  and  Depth  sensor  (CTD);  fluorometer;  transmissometer). 
Full  details  concerning  acoustic  data  collection  are  found  in  Lawson  et  aL  (2004,  2006), 
and  only  a  summary  will  be  provided  here.  The  BIOMAPER-II  was  towed  obliquely  up 
and  down  through  the  water  column  between  depths  of  20  and  400  m  as  the  vessel 
proceeded  between  stations  at  speeds  of  4  to  6  knots.  Surveying  was  conducted 
irrespective  of  time  of  day,  but  was  interrupted  by  on-station  activities,  resulting  in 
variable  coverage  of  each  24  hour  period. 

Measurements  of  acoustic  volume  backscattering  strength,  or  {S^  =  lOlogio(^v)  in  units 
of  decibels  relative  to  1  m"',  where  is  the  volume  backscattering  coefficient),  were 
made  with  the  BIOMAPER-II  from  pairs  of  up-  and  down-looking  transducers  at 
frequencies  of  43,  120,  200,  and  420  kHz,  to  maximal  ranges  of  300,  300,  150,  and  100 
m,  respectively.  Maximum  depths  of  observation  thus  varied  between  320  and  700  m, 
depending  on  the  position  of  the  towed  body  in  the  water  column.  Acoustic  data  were 
collected  with  a  vertical  resolution  of  1.5  m  (43  and  120  kHz)  or  1  m  (200  and  420  kHz), 
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at  a  ping  rate  of  0.3  pings  s'.  The  measurements  of  squared  voltage  from  which  volume 
backscattering  strength  is  derived  were  integrated  over  time  intervals  corresponding  to 
the  vertical  resolution  and  then  averaged  for  each  depth  stratum  over  all  pings  collected 
within  12  second  intervals,  corresponding  to  a  horizontal  resolution  of  approximately  35 
m,  depending  on  the  ship’s  speed.  All  transducers  were  calibrated  by  the  manufacturer 
prior  to  each  survey  year,  and  in  situ  calibrations  with  tungsten  carbide  (6%  cobalt) 
spheres  of  diameters  38  and  21  mm  were  performed  during  the  winter  of  2001  and  both 
surveys  in  2002.  Noise  profiles  (ship’s,  ambient,  and  system  noise  combined)  were 
measured  at  the  start  of  each  survey,  and  used  as  thresholds  for  volume  backscattering 
strength  measurements. 


5.2.3  Acoustic  data  analysis 

The  methods  developed  and  verified  in  Chapter  4  were  used  to  identify  krill  aggregations 
in  the  acoustic  record  and  then  estimate  the  weighted  mean  length,  numerical  density,  and 
biomass  density  of  constituent  animals.  In  brief,  measurements  of  volume  backscattering 
strength  attributable  to  krill  were  distinguished  from  those  due  to  other  zooplankton  or 
micronekton  first  on  the  basis  of  a  threshold  volume  backscattering  strength  level  of  -70 
dB,  derived  from  the  minimum  sensing  distance  over  which  a  given  animal  can  be 
expected  to  maintain  an  association  with  its  nearest  neighbor  based  on  physiological 
measurements  of  krill  visual  acuity  (Hiller-Adams  and  Case,  1984).  Aggregations  were 
defined  as  all  vertically  or  horizontally  contiguous  sets  of  super-threshold  volume 
backscattering  strength  measurements  (or  acoustic  'elements’).  Differences  in  mean 
volume  backscattering  strength  at  120  and  43  kHz  were  then  calculated  for  these  putative 
krill  aggregations,  and  aggregations  where  this  difference  fell  between  2  and  16  dB  were 
accepted  as  krill  (Watkins  and  Brierley,  2002;  Demer,  2004). 

Sensitivity  and  noise  problems  in  the  channel  that  operated  at  43  kHz  during  the  fall  of 
2001  survey  led  to  numerous  cases  where  this  mean  volume  backscattering  strength- 
difference  method  could  not  be  applied;  malfunctions  at  43  kHz  during  the  entireties  of 
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both  winter  surveys  similarly  precluded  its  application.  In  such  instances,  krill 
aggregations  were  identified  on  the  basis  of  the  threshold  volume  backscattering  strength 
criterion  alone.  Certain  acoustic  features  more  likely  composed  of  other  animals,  such  as 
myctophid  fishes,  were  also  excluded  on  the  basis  of  visual  scrutiny.  Comparisons  to 
survey  results  from  the  fall  2002  survey  when  the  43  kHz  system  functioned  properly 
suggest  that  this  approach  did  not  result  in  a  substantially  different  description  of  krill 
aggregations,  but  see  Chapter  4  for  a  discussion  of  the  potential  uncertainty  introduced  by 
these  decisions.  It  is  also  important  to  note  that  these  methods  do  not  distinguish  between 
animals  of  very  similar  sizes  and  scattering  type,  and  so  cannot  discriminate  among  the 
different  species  of  aggregating  euphausiids  that  may  be  present  (notably  Euphausia 
superba  and  E.  crystallorophias,  but  potentially  also  Thysanoessa  macmra;  see 
discussion  and  Ross  et  al.,  1996). 

The  mean  length  and  numerical  density  of  krill  in  each  aggregation  were  next  estimated 
on  the  basis  of  inversions  of  the  four-frequency  acoustic  data  (similar  to  Greenlaw  1979; 
Warren  et  aL,  2003).  Aggregations  were  assumed  to  be  composed  of  krill  with  a  uni- 
modal  and  narrowly-distributed  length  distribution  (Watkins  et  aL,  1986),  and  theoretical 
predictions  were  made  of  expected  volume  backscattering  coefficients  at  each  frequency 
for  varying  combinations  of  krill  length  and  density,  using  the  target  strength  model  of 
Lawson  et  al,  (2006).  The  most  likely  mean  krill  length  and  numerical  density  were  then 
inferred  on  the  basis  of  the  best  fit  between  these  predictions  and  mean  measured  volume 
backscattering  coefficients  in  each  aggregation,  minimizing  an  error  term  defined  as  the 
sum  of  the  squared  difference  between  observed  and  predicted  log-transformed  volume 
backscattering  coefficients  at  each  frequency  (calculations  explained  in  detail  in  Chapter 
4).  This  method  was  only  applied  to  aggregations  meeting  both  the  threshold  volume 
backscattering  strength  and  mean  volume  backscattering  strength-difference  criteria,  and 
was  verified  at  certain  locations  where  net  and  Video  Plankton  Recorder  observations 
provided  independent  bases  for  comparison  (see  Chapter  4).  The  calculations  also  require 
volume  backscattering  measurements  at  all  four  acoustic  frequencies,  and  so  length  could 
only  be  estimated  for  aggregations  found  within  a  distance  of  100  m  (the  range  of  the  420 
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kHz  system)  of  the  towed  body.  Similarly,  because  data  at  all  four  frequencies  were  not 
available  during  the  winter  surveys,  length  and  density  were  only  estimated  for 
aggregations  observed  in  fall. 

The  estimate  of  krill  length  in  each  aggregation  achieved  via  the  inversion  method  is  a 
mean  that  is  weighted  by  the  acoustic  scattering  process  through  the  use  of  the  krill 
scattering  model.  Scattering  is  a  non-linear  function  of  length,  and  so  the  acoustic 
estimate  of  length  is  more  strongly  influenced  by  the  larger  krill  present,  and  differs  from 
the  linear  mean  that  would  be  calculated  for  a  sample  of  krill  collected  by  nets.  A  more 
comprehensive  discussion  of  this  point  and  its  consequences  is  found  in  Chapter  4. 
Irrespective  of  exactly  how  the  acoustically-estimated  weighted  mean  length  relates  to 
the  linear  mean  of  actual  krill  lengths  present  in  the  acoustically-observed  aggregations, 
the  acoustic  estimates  should  still  be  informative  in  a  relative  sense:  a  larger  acoustically- 
estimated  length  should  indicate  a  larger  true  length  of  animal.  Fortunately,  it  is  such 
relative  information  that  is  important  to  the  analyses  here,  which  examine  how 
aggregation  features  vary  in  relation  to  changes  in  the  acoustic  estimates  of  krill  length, 
and  so  are  not  contingent  on  having  absolute  information  on  krill  length.  For  simplicity, 
this  mean  estimated  length  weighted  by  the  acoustic  scattering  process  henceforth  will  be 
referred  to  as  the  ‘weighted  mean  length.’ 

Krill  biomass  was  assessed  in  two  ways:  via  mean  aggregation  biomass  density  and  via 
an  index  of  total  aggregation  biomass.  Mean  krill  biomass  density  (g  m’^)  in  each 
acoustically-identified  aggregation  was  estimated  on  the  basis  of  mean  volume 
backscattering  at  120  kHz  (averaged  over  all  measurements  in  the  aggregation  via  the 
linear  quantity  of  the  volume  backscattering  coefficient),  the  target  strength  model  of 
Lawson  et  al.,  (2006),  the  wet  weight  to  length  relationship  of  Wiebe  et  aL,  (2004),  and 
the  weighted  mean  length  estimated  by  the  multi-frequency  inversion  (see  Chapter  4  for  a 
full  derivation  of  the  calculations  involved).  Where  animal  length  could  not  be  estimated 
acoustically,  the  length  used  in  biomass  density  estimation  was  taken  as  the  length 
estimated  for  the  nearest  neighboring  aggregation  within  a  distance  of  50  m  vertically  and 
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10  km  horizontally,  and  with  mean  120  kHz  volume  backscattering  strength  within  10  dB 
of  the  aggregation  of  interest,  and  otherwise  as  the  median  length  for  all  aggregations 
observed  during  that  particular  survey.  In  winter,  length  was  never  estimated  acoustically 
and  was  taken  as  the  median  over  all  acoustically-estimated  weighted  mean  lengths  from 
the  survey  conducted  in  the  previous  fall.  Likewise,  although  numerical  density  was 
estimated  by  the  acoustic  inversion  for  some  aggregations,  in  order  to  have  estimates  for 
all  observed  aggregations,  mean  density  (individuals  m’^)  was  calculated  from  mean 
volume  backscattering  at  120  kHz  and  a  target  strength  per  individual  derived  from  the 
Lawson  et  al.  (2006)  target  strength  model  combined  with  estimated  krill  length. 

An  index  of  total  aggregation  biomass  was  also  derived  by  first  converting  each  volume 
backscattering  element  in  each  aggregation  to  an  estimate  of  biomass  density,  similar  to 
the  calculations  for  mean  biomass  density  described  above.  The  size  of  the  volume 
represented  by  each  element  in  terms  of  depth  and  along-track  distance  is  known,  so  each 
element’s  estimate  of  biomass  density  was  multiplied  by  its  cross-sectional  area  and 
summed  over  all  elements  to  yield  an  estimate  of  aggregation  biomass  per  across-track 
meter.  Since  the  across-track  extent  of  the  aggregation  is  not  known,  it  is  not  possible  to 
calculate  absolute  biomass,  and  so  this  quantity  of  biomass  per  across-track  meter 
(kg  m  ')  is  used  as  an  index  of  total  aggregation  biomass. 

In  some  previous  studies  of  other  fish  and  zooplankton  species,  various  morphological 
operators  (e.g.,  dilations  and  erosions)  have  been  applied  to  the  acoustic  data  in  order  to 
help  define  bounded  objects  and  discriminate  aggregations  of  the  target  organisms  from 
other  features  such  as  the  bottom  or  other  scatterers  (e.g.,  Reid  and  Simmonds  1993). 
These  operators  treat  the  acoustic  data  like  pixels,  and  have  the  effect  of  filling  holes  and 
small  gaps  between  neighboring  groups  of  pixels  and  filtering  out  very  small 
aggregations.  Such  operators  were  not  applied  here,  because  the  krill  aggregations  here 
were  already  very  distinct  from  background  scattering  and  because  as  is  described  below, 
the  smallest  aggregations  (of  the  minimum  detectable  size  set  by  the  resolution  of  the 
acoustic  data)  were  not  considered  in  the  analyses  that  follow.  Furthermore,  the  holes  and 
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gaps  evident  in  the  acoustic  representations  of  the  schools  are  at  least  the  size  of  one 
acoustic  integration  interval  (~  35m),  and  so  are  substantially  larger  than  the  kjill’s 
sensing  distance. 


5.2.4  Measurements  of  aggregation  features 

A  variety  of  additional  measurements  were  made  for  each  acoustically-identified 
aggregation,  based  on  the  120  kHz  acoustic  volume  backscattering  data  measurements 
and  knowledge  of  the  location  of  each  measurement  from  GPS,  following  accepted 
methodologies  (Reid,  2000).  The  position  of  each  aggregation  was  defined  on  the  basis  of 
the  time  and  geographic  location  of  its  centroid,  or  the  mean  depth  and  mean  horizontal 
coordinates  of  all  acoustic  elements  in  the  aggregation  (Figure  5.1).  Aggregation  depth 
was  taken  as  centroid  depth,  although  the  depths  of  the  shallowest  and  deepest  acoustic 
elements  were  also  measured. 

Aggregation  length  was  calculated  based  on  the  distance  between  the  location  of  the  first 
and  last  observation  within  the  aggregation  (Figure  5.1).  The  mean  inter-element  distance 
was  added  to  this  calculated  length  to  account  for  the  distance  traversed  during  the  first 
half  of  the  first  element  and  second  half  of  the  last.  Algorithms  based  on  simulated  fish 
schools  are  proposed  in  Reid  (2000)  for  correcting  such  length  estimates  for  the  distorting 
effects  of  the  acoustic  beam  width.  For  the  present  data,  however,  each  measurement  is 
an  ensemble  average  over  four  pings  and  a  12  second  interval  (ca.  35  m  along-track),  and 
it  is  not  obvious  that  the  corrections  suggested  in  Reid  (2000)  are  appropriate  in  the  case 
of  such  coarse  horizontal  resolution.  We  therefore  calculated  for  each  aggregation  what 
these  corrections  would  be,  and  examined  for  all  statistical  analyses  the  effect  of  making 
and  not  making  the  corrections.  No  effect  was  evident,  and  so  only  the  uncorrected 
lengths  are  reported. 

Height  was  calculated  as  the  difference  between  the  shallowest  and  deepest  elements  in 
the  aggregation,  multiplied  by  the  vertical  bin  size  (1.5  m;  Figure  5.1).  Often  height 
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Figure  5.1  “  Schematic  illustration  of  the  acoustic  representation  of  a  krill  aggregation. 
Measurements  are  made  in  depth  (z)  and  along-track  distance  (x);  the  extent  of 
aggregations  in  the  across-track  dimension  (y)  remains  unknown.  Each  measurement,  or 
‘acoustic  element/  was  taken  to  represent  an  area  defined  by  the  vertical  resolution  of  the 
data  (Az)  of  1.5  m,  and  the  horizontal  distance  between  successive  measurements  (zkr)  of 
approximately  35  m,  varying  with  the  ship’s  speed.  Acoustic  elements  indicated  here  by 
boxes.  Aggregations  were  defined  as  groups  of  contiguous  elements  exceeding  the 
threshold  scattering  level;  grey  boxes  represent  a  typical  aggregation.  The  GPS  position 
associated  with  each  measurement  (indicated  schematically  by  dashed  lines)  was 
assumed  to  represent  that  measurement’s  center.  Aggregation  height  was  the  difference 
between  the  deepest  and  shallowest  elements  within  the  aggregation,  multiplied  by  the 
vertical  resolution.  Aggregation  length  was  the  distance  between  the  position  of  the  first 
and  last  elements  within  the  aggregation,  with  the  mean  inter-measurement  distance 
added  to  account  for  the  distance  traveled  during  the  first  half  of  the  first  ping  and  the 
second  half  of  the  last.  The  area  represented  by  each  element  was  calculated  as  Ax  x  Az 
and  summed  over  all  elements  to  yield  total  aggregation  area.  The  vertical  and  horizontal 
position  of  each  aggregation  was  defined  on  the  basis  of  the  position  of  its  centroid,  or 
the  mean  depth  and  horizontal  position  of  all  elements  in  the  aggregation  (represented  by 
black  dot). 
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estimated  in  this  way  is  corrected  by  one-half  of  a  pulse  length  (13.5  cm  in  this  case; 
Reid,  2000),  but  given  the  small  size  of  this  correction  relative  to  the  vertical  resolution 
of  our  measurements,  no  correction  was  made  here.  Finally,  the  size  of  each  acoustic 
element  was  determined  on  the  basis  of  vertical  bin  size  and  the  distance  to  the  next 
element,  and  then  summed  over  all  elements  to  estimate  aggregation  cross-sectional  area 
(in  depth  and  along-track  distance;  Figure  5.1). 

It  is  important  to  note  that  while  these  calculations  of  aggregation  morphology  treat  each 
acoustic  element  as  representing  simple  box-shaped  volumes  of  size  defined  by  the 
vertical  and  along-track  resolution  of  the  data,  they  are  in  fact  quite  complex.  The 
acoustic  beam  is  conical,  sampling  volumes  that  are  larger  in  horizontal  extent  at  greater 
ranges  from  the  towed  body.  Samples  were  taken  every  3.3  seconds,  resulting  in  sample 
volumes  that  overlapped  between  successive  measurements  at  larger  ranges,  with  the 
exact  range  at  which  overlap  began  varying  with  the  ship’s  speed.  These  samples  were 
then  integrated  over  12-second  along-track  intervals,  resulting  in  the  horizontal  resolution 
of  approximately  35  m.  Some  uncertainty  may  enter  the  resultant  measurements  of 
volume  backscattering  strength  due  to  coverage  of  the  box-shaped  volume  assumed  to  be 
represented  by  each  measurement  varying  with  range  and  with  the  vessel’s  speed. 

5.2.5  Measurements  of  environmental  properties 

Aggregations  were  considered  in  relation  to  various  aspects  of  the  physical  and  biological 
environment,  including  time  of  day,  ice  cover,  vertical  and  horizontal  current  shear,  food 
availability,  and  the  occurrence  of  certain  predators  (whales,  seals,  and  penguins). 
Estimates  of  ice  concentration  at  the  location  of  each  aggregation  were  made  via  linear 
interpolations  to  the  location  of  each  aggregation  based  on  latitude  and  longitude  of 
along-track  ice  observations  made  every  six  hours  in  fall  and  nominally  every  hour  in 
winter  (C.  Fritsen,  unpublished  data;  see  US  SO  GLOBEC,  2001b  and  2002b).  Where 
available,  these  ice  observations  were  supplemented  by  records  made  by  bird  observers 
whenever  ice  conditions  changed  during  daytime  survey  periods  (Ribic  et  al.,  submitted). 
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Chlorophyll  a  (mg  m'  )  concentrations,  measured  from  bottle  samples  at  hydrographic 
stations  and  integrated  vertically  to  a  depth  of  30  m,  were  similarly  interpolated  to  the 
location  of  each  aggregation  and  used  as  an  index  of  food  availability  (M.  Vemet, 
unpublished  data;  see  U.S.  SO  GLOBEC,  2001a  and  2002a). 

Measurements  of  current  velocity  were  made  with  a  150  kHz  Acoustic  Doppler  Current 
Profiler  (ADCP)  in  8-m  depth  bins  from  a  depth  of  31  m  to  a  maximum  of  300  or  350  m, 
and  averaged  in  1-hour  along-track  intervals  (Klinck  et  aL,  2004).  Assuming  an  isotropic 
flow  field,  the  magnitude  of  horizontal  shear  was  estimated  from  the  East-West  and 
North-South  velocity  components  (w  and  v,  respectively)  measured  nearest  to  a  given 
aggregation  (position  /)  and  the  previous  set  of  measurements  (position  i  -  1),  and  the 
distance  between  the  two  locations  (A5)  following  (Figure  5.2): 
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These  calculations  were  done  for  the  8-m  depth  bin  (/)  nearest  to  each  aggregation,  and  so 
give  an  estimate  of  horizontal  shear  at  the  aggregation’s  depth.  Vertical  shear  v/as 
similarly  calculated  based  on  the  East-West  and  North-South  velocity  components 
measured  at  depths  j  and  j  +1  separated  by  the  vertical  resolution  (Az)  of  8  m  following 
(Figure  5.2): 
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Vertical  shear  was  estimated  in  this  way  from  the  current  measurements  made  nearest  to 
the  aggregation  (position  /),  and  averaged  over  as  many  depth  bins  (J)  as  were  available 
within  the  depth  range  occupied  by  the  aggregation  (i.e.,  over  the  vertical  scale  of  the 
aggregation).  Strong  noise  associated  with  ice-breaking  led  to  many  fewer  reliable  ADCP 
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Figure  5.2  -  Schematic  illustration  of  ADCP  current  measurements  (large  grey  arrows) 
used  in  estimating  horizontal  and  vertical  shear.  Measurements  of  the  East-West  and 
North-South  velocity  components  made  at  along-track  position  /  and  depth  j  are 
designated  as  and  respectively.  Equations  for  shear  given  in  text.  (A) 

Measurements  used  in  estimating  horizontal  shear.  Shown  is  a  plan  view  of  the  East-West 
{li)  and  North-South  (v)  velocity  components  measured  at  successive  positions  i  and  /  -1 
(the  position  of  measurements  made  nearest  to  a  given  aggregation,  and  the  previous  set 
of  measurements,  respectively),  separated  by  an  along-track  distance  of  A5, 
corresponding  to  the  distance  traveled  by  the  vessel  during  the  1  hour  between 
measurements.  Estimates  of  horizontal  shear  were  calculated  at  depth  j  corresponding  to 
the  depth  of  the  centroid  a  given  krill  aggregation.  (B)  Measurements  used  in  estimating 
vertical  shear.  The  calculations  used  measurements  of  the  East-West  and  North-South 
velocity  components  made  at  the  horizontal  position  nearest  to  each  krill  aggregation  (/), 
at  successive  depths  j  and  y+l  separated  by  a  vertical  distance  (Az)  of  8  m. 
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measurements  in  winter,  and  so  currents  and  shear  were  not  examined  during  that  season 
for  either  year. 

During  most  daylight  hours  when  the  vessel  was  in  transit,  visual  surveys  for  whales, 
seals,  and  penguins  were  conducted  concurrent  to  acoustic  surveying.  Surveys  were 
conducted  by  trained  observers  following  standard  strip-transect  protocols  (full 
methodological  details  are  found  in  Chapman  et  aL,  (2004)  and  Ribic  et  aL,  (submitted) 
for  birds  and  seals,  and  Thiele  et  al.  (2004)  and  Friedlaender  et  al.  (in  press)  for  whales). 
Rather  than  calculate  along-track  estimates  of  density  for  these  patchily-distributed 
predators,  we  chose  simply  to  examine  whether  each  type  of  predator  was  present  or 
absent.  Presence  was  defined  as  at  least  one  individual  observed  within  a  range  of  10  km 
of  a  given  krill  aggregation,  where  the  aggregation  had  to  have  been  observed  during  a 
period  of  predator  surveying.  Other  ranges  were  considered,  but  for  much  smaller  ranges, 
too  few  aggregations  were  associated  with  predators  to  allow  meaningful  comparisons. 

At  larger  ranges,  similar  patterns  were  evident  to  those  described  below,  but  it  becomes 
increasingly  less  certain  whether  predators  at  large  distances  were  in  fact  influencing 
given  aggregations.  Predator  categories  were  whales,  including  minke  {Balaenoptera 
aciitorostrata)  and  humpback  {Megaptera  novaeangliae);  crabeater  seals  {Lobodon 
carcinophagus)]  and  penguins,  including  mostly  Adelie  penguins  (Pygoscelis  adeliae) 
and  rarely  Emperor  penguins  (Aptenodytes  forsteri). 

5.2.6  Statistical  analyses 
5.2. 6. a  Diel  vertical  migration 

Following  the  recommendations  of  Godlewska  (1996),  diel  changes  in  the  vertical 
position  of  krill  aggregations  were  assessed  via  the  mean  depth  of  the  center  of 
aggregation  biomass,  averaging  over  all  aggregations  observed  in  each  survey  in  2-hour 
time  intervals  over  the  24  hour  cycle.  The  center  of  biomass  (H)  in  each  interval  was 
calculated  by  weighting  each  aggregation’s  depth  by  its  total  biomass  index  in  taking  the 
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averages.  On  the  basis  of  visual  examination  of  the  data,  a  24  hour  period  (7)  was 
assumed,  and  a  sinusoidal  model  of  biomass  vertical  distribution  fit  to  the  observed  data, 
employing  the  function  proposed  by  Godlewska  and  Klusek  (1987): 

Hit)=  A  + Bcos,{2K{t  +  ^)lT)  (5.3) 

This  equation  describes  the  situation  where  the  mean  center  of  biomass  varies 
sinusoidally  in  time  (/)  about  some  mean  depth  A  with  amplitude  B  and  a  phase  shift  in 
hours  of  0,  where  =  0  is  the  case  where  depth  is  shallowest  at  exactly  midnight.  The 
various  parameters  were  estimated  from  observations  of  center  of  biomass  depths  from 
each  survey  via  nonlinear  least-squares  regression.  The  reduction  in  residual  deviance 
relative  to  the  null  model  H{t)  =  A  was  used  to  assess  model  fit. 


5.2.7  Analysis  of  individual  aggregations 

In  addition  to  the  analyses  described  above,  which  considered  collectively  all 
aggregations  identified  acoustically  within  each  survey,  certain  individual  aggregations  of 
very  large  size  encountered  during  the  fall  surveys  were  selected  for  more  detailed  study. 
Unlike  the  acoustic  analyses  described  above  where  inversions  for  weighted  mean  krill 
length  and  density  were  performed  on  volume  backscattering  coefficients  averaged  over 
all  acoustic  elements  in  each  aggregation,  for  these  case-study  aggregations,  the 
measured  volume  backscattering  coefficients  at  the  four  frequencies  were  used  to 
estimate  length  and  numerical  density  for  each  element.  This  allowed  an  examination  of 
whether  and  how  length  and  density  varied  within  the  aggregations. 


5.3  RESULTS 

Between  53 1  and  8303  krill  aggregations  were  observed  in  each  survey  (see  Table  4.2  in 
Chapter  4).  A  large  number  of  these  aggregations  (78-86%)  were  the  minimum  size 
detectable  by  the  system  (i.e.,  one  acoustic  element  1.5  m  high  by  ~35m  along-track).  As 
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described  in  Chapter  4,  it  is  less  certain  that  these  small  aggregations  were  composed  of 
krill.  For  the  purposes  here  of  inferring  behavior  from  acoustic  observations  of 
aggregation  structure,  knowing  with  certainty  that  the  aggregations  were  indeed 
composed  of  krill  is  highly  important,  and  so  the  analyses  that  follow  examined  only 
those  aggregations  larger  than  the  minimum  detectable  size.  Limited  analyses  that  will 
not  be  reported  were  also  performed  on  the  dataset  including  all  aggregations,  however, 
with  results  highly  comparable  to  those  that  follow. 

The  size  distribution  of  aggregations  in  all  survey  periods  was  dominated  by  small  sizes 
as  assessed  by  either  aggregation  length  or  height,  with  decreasing  numbers  of 
aggregations  at  larger  sizes  (Figures  5.3  and  5.4).  Very  large  aggregations  (height  >  100 
m,  length  >  1  km)  were  absent  in  the  winter  of  2001,  but  otherwise,  the  distributions  were 
highly  comparable  between  survey  periods.  In  both  falls  and  the  winter  of  2001,  the 
distributions  of  aggregation  density  (either  by  number  or  biomass  of  animals),  were  also 
dominated  by  low  densities,  with  long  tails  extending  towards  higher  values  (Figures  5.5 
and  5.6).  During  the  winter  of  2002,  in  contrast,  in  addition  to  the  mode  at  small  values, 
the  distribution  showed  a  second  mode  at  higher  densities  (Figures  5.5  and  5.6).  Within 
each  survey,  aggregation  density  assessed  by  the  number  of  animals  and  by  biomass 
showed  similar  distributions  (Figures  5.5  and  5.6).  Although  numerical  density  is  perhaps 
the  more  relevant  quantity  to  the  behavioral  investigations  that  follow,  biomass  density  is 
much  less  subject  to  error  associated  with  the  estimates  of  krill  length  used  in  calculating 
target  strength  (see  Chapter  4).  This  is  particularly  relevant  in  making  comparisons 
between  the  fall  and  winter  survey  periods,  due  to  a  single  length  being  assumed  to  apply 
to  all  aggregations  during  winter.  All  subsequent  analyses  therefore  examined  biomass 
density  only. 

By  plotting  the  number  of  aggregations  larger  than  a  given  size  relative  to  aggregation 
size,  it  is  possible  to  assess  whether  the  distribution  of  sizes  is  fractal  (i.e.,  scale- 
invariant),  or  more  specifically,  self-similar.  A  linear  relationship  when  the  distribution  is 
plotted  in  this  way  with  both  axes  scaled  logarithmically  is  diagnostic  of  self-similarity 
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Figure  5.3  -  Distribution  of  aggregation  lengths  (m,  log-scale)  observed  during  each 
survey. 
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Figure  5.4  -  Distribution  of  aggregation  heights  (m)  observed  during  each  sun/ey. 
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Figure  5.5  -  Distribution  of  aggregation  mean  density  of  biomass  (g  m'^,  log-scale) 
observed  during  each  survey. 
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Figure  5.6  -  Distribution  of  aggregation  density  by  numbers  of  animals  (individuals  m  ^ 
log-scale)  observed  during  each  survey. 
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(Hastings  and  Sugihara,  1993).  Plotting  the  distributions  of  aggregation  lengths  in  such  a 
fashion  suggested  that  at  lengths  larger  than  100  m,  the  relationship  was  indeed  linear, 
with  slopes  of  -1.23  to  -1.93  (regression  analysis  results  indicated  r^  values  of  0.90  to 
0.99;  Figure  5.7).  The  distribution  observed  during  the  fall  of  2002  appeared  somewhat 
more  curvilinear  than  the  other  surveys,  especially  at  larger  aggregation  lengths.  This  is 
perhaps  due  to  a  real  change  in  the  distribution  of  aggregations  at  large  sizes  during  that 
time  period,  or  to  under-sampling  of  these  larger  aggregations.  The  slight  flattening  of  the 
relationship  at  aggregation  lengths  smaller  than  100  m  (i.e.,  for  the  smallest  length  bin 
shown  in  Figure  5.7)  is  due  to  the  varying  limit  to  measurable  aggregation  length  set  by 
the  horizontal  resolution  of  the  acoustic  system.  This  limit  varies  with  the  speed  of  the 
vessel,  and  very  small  lengths  of  aggregations  could  only  be  detected  infrequently,  when 
the  vessel  was  moving  at  slow  speeds;  as  such,  only  small  numbers  of  aggregations  were 
observed  at  these  small  lengths.  The  distributions  of  aggregation  height,  in  contrast,  were 
more  curvilinear  (Figure  5.7),  indicating  that  these  distributions  were  not  scale-invariant. 


5.3.1  Diel  patterns 

Some  evidence  of  diel  vertical  migrations  was  observed  in  all  four  survey  periods,  with 
aggregations  tending  to  be  found  deeper  in  the  water  column  during  the  day  and 
shallower  by  night  (Figure  5.8).  Nonlinear  regression  fits  of  the  sinusoidal  model  given 
by  Equation  5.1  to  observed  mean  depth  of  the  center  of  aggregation  biomass  supported 
the  existence  of  diel  changes  in  vertical  position  with  a  24  hour  periodicity  (Table  5. 1 ).  In 
the  winter  of  2001,  when  very  few  aggregations  were  observed,  tbe  least  indication  of 
any  migration  was  evident.  The  95%  confidence  interval  did  not  exclude  the  possibility 
of  no  diel  variation,  although  the  deepest  aggregations  were  observed  during  the  day 
(Figure  5.8).  In  the  fall  of  2001,  the  evidence  was  also  somewhat  ambiguous,  as  a  large 
number  of  aggregations  were  present  at  shallow  depths  during  the  day  (Figure  5.8); 
because  these  were  of  small  total  biomass  indices,  however,  they  had  only  a  slight  impact 
on  the  center  of  mass-based  analysis,  which  did  suggest  a  significant  diel  trend  (Table 
5.1). 
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Figure  5.7  -  Distributions  of  the  cumulative  number  of  aggregations  larger  than  a  given 
length  or  height,  plotted  on  a  log-log  scale  relative  to  aggregation  length  (top  plot)  and 
height  (bottom  plot).  Linearity  in  such  plots  is  indicative  of  a  self-similar,  or  fractal, 
distribution. 
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Table  5.1  -  Results  of  nonlinear  regression  fits  of  the  sinusoidal  model  given  by 
Equation  1  to  observed  mean  depth  of  the  center  of  aggregation  biomass  averaged  in  2- 
hour  intervals,  //(/),  for  each  survey  period.  Parameters  estimated  by  these  fits  include  the 
mean  depth  of  the  center  of  krill  aggregation  biomass  (A),  and  the  amplitude  (B)  and 
phase  (0)  of  krill  diel  vertical  migration.  Negative  amplitudes  indicate  that  the  sinusoidal 
function  starts  at  shallower  depths  during  the  night  (near  0  hours)  and  that  biomass  moves 
deeper  during  the  day.  95%  confidence  intervals  about  each  parameter  estimates 
indicated  in  parentheses.  Deviance  explained  was  calculated  by  comparing  residual 
deviance  in  the  sinusoidal  model  relative  to  the  null  model  H{t)  =  A.  For  the  fall  2001 
data,  analyses  were  performed  for  all  aggregations  combined,  for  small  and  large  krill 
separately,  and  for  regions  of  high  and  low  chlorophyll  a  (chl-a)  concentrations 
separately.  In  fall  2002,  too  few  aggregations  where  small  krill  lengths  were  estimated 
were  available,  and  so  analyses  were  performed  only  for  the  all  aggregations  combined 
and  regions  of  high  versus  low  chlorophyll. 


Cruise 

Mean  depth  of 
center  of 
biomass  (m) 

Amplitude  of 
DVM  (m) 

Phase  shift  of 
DVM 
(hours) 

Deviance 

explained 

Fall  2001 

Overall 

130.0 

-39.9 

0.89 

(109.1  to  150.9) 

(-69.4  to -10.3) 

(-1.94  to  3.73) 

50.8  % 

Small  krill 

26.8 

-3.7 

3.76 

(<20  mm) 

(20.6  to  32.9) 

(-12.5  to  5.0) 

(-5.22  to  12.75) 

19.9% 

Large  krill 

133.5 

-39.1 

1.28 

(>20  mm) 

(11 1.6  to  155.5) 

(-70.2  to  -8.0) 

(-1.75  to  4.32) 

47.4  % 

Low  chl-a 

122.6 

-36.0 

-0.26 

(<10  mg  m'^) 

(89.5  to  155.8) 

(-82.9  to  10.9) 

(-5.23  10  4.71) 

25.1  % 

High  chl-a 

33.1 

6.6 

-5.45 

(>  10  mg  m'“) 

(28.8  to  37.5) 

(0.2  to  12.9) 

(-8.92  to -1.98) 

41.3% 

Winter  2001 

Overall 

71.9 

-23.6 

0.42 

(43.9  to  100.0) 

(-63.3  to  16.1) 

(-6.00  to  6.84) 

16.8% 

Fall  2002 

Overall 

140.1 

-60.9 

-0.88 

(119.5  to  160.7) 

(-90.1  to  -31.7) 

(-2.71  to  0.95) 

71.3  % 

Low  chl-a 

124.2 

-51.5 

-0.87 

36.9% 

(<10  mg  m'^) 

(84.3  to  164.0) 

(-106.6  to  -3.6) 

(-5.14  to  3.40) 

High  chl-a 

80.5 

-44.0 

1.45 

43.1% 

(>10  mg  m'^) 

(51.6  to  109.4) 

(-85.5  to  -2.6) 

(-2.05  to  4.94) 

Winter  2002 

Overall 

1  19.3 

-89.9 

-1.10 

(86.3  to  152.3) 

(-136.5  to  -43.3) 

(-3.08  to  0.88) 

67.9  % 
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Figure  5.8  -  Vertical  distribution  of  krill  aggregations.  Blue  dots  indicate  the  depth  of  the 
centroid  of  each  acoustically-identified  aggregation;  lighter  blue  and  larger  dot  size 
indicates  greater  total  biomass  index  (kg  m'^).  Red  line  shows  the  inferred  diel  vertical 
migration  based  on  nonlinear  regression  fits  of  the  sinusoidal  model  given  by  Equation 
5.1  to  observed  mean  depths  of  center  of  aggregation  biomass,  averaged  in  2-hour 
intervals  (shown  as  red  +  symbols).  Dashed  lines  indicate  95%  confidence  interval. 
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During  both  2002  surveys  the  diel  trends  in  the  vertical  positioning  of  aggregations  were 
more  clear  (Figure  5.8).  The  cluster  of  aggregations  observed  during  the  winter  of  2002 
near  50  m  in  depth  between  1 100  and  1300h  that  do  not  follow  the  expected  deep-by¬ 
night  trend  were  all  observed  on  September  2,  and  had  more  of  an  appearance  of  a 
scattering  layer  than  typical  krill  aggregations  (Figure  5.9).  No  large  krill  were  observed 
with  the  Video  Plankton  Recorder  as  the  BIOMAPER-II  repeatedly  passed  through  the 
layer,  suggesting  that  they  may  have  been  composed  of  small  euphausiids.  Since  these 
aggregations  were  of  low  estimated  total  biomass  index,  they  did  not  contribute 
substantially  to  calculations  of  mean  depth  of  center  of  mass.  These  calculations  revealed 
a  strong  diel  trend  in  both  seasons  (Table  5.1).  The  deepest  aggregations  in  the  winter  of 
2002  were  found  deeper  than  in  fall.  There  was  also  some  indication  that  the  migrations 
observed  during  the  winter  of  2002  were  of  larger  amplitude,  extending  on  average  to 
similar  daytime  depths  as  in  fall,  but  to  shallower  depths  during  night  (Figure  5.8), 
although  comparing  the  confidence  intervals  about  these  estimates  of  migratory 
amplitude  suggests  that  this  difference  was  not  significant  (Table  5.1). 

Defining  ‘daytime’  as  the  period  between  local  daily  sunrise  and  sunset,  significant  diel 
changes  were  also  evident  in  aggregation  biomass  density  (Figure  5.10).  During  all 
survey  periods,  the  greatest  densities  were  observed  during  the  day,  and  distributions  of 
densities  shifted  towards  lower  densities  by  night.  The  shift  to  greater  densities  during 
day  was  particularly  dramatic  in  the  winter  of  2002;  this  explains  the  bimodal  density 
distribution  for  this  survey  as  a  whole  noted  earlier. 

No  evidence  of  diel  changes  in  the  size  of  aggregations,  as  assessed  by  their  height, 
length,  or  area,  were  evident  (not  shown).  Height  and  length  tended  to  increase  with  one 
another,  but  with  a  great  deal  of  variability  in  this  relationship,  and  no  obvious 
differences  between  day  and  night  (Figure  5.1 1).  Biomass  density  showed  no  association 
with  aggregation  length  or  height  (not  shown). 
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Figure  5.9  -  Acoustic  volume  backscattering  strength  data  (120  kHz)  observed  in  off- 
shelf  waters  on  September  2  of  the  2002  winter.  The  cluster  of  aggregations  during  that 
survey  observed  at  shallow  depths  (~50  m)  during  the  day,  thereby  providing  exceptions 
to  the  pattern  otherwise  observed  of  aggregations  being  shallow  by  night  and  deep  by  day 
(see  Figure  5.5),  all  were  extracted  from  this  portion  of  the  survey  grid.  The  shallow  layer 
evident  near  a  depth  of  50  m  intermittently  exceeded  the  threshold  defined  here  for  what 
constitutes  a  separate  ‘aggregation,’  resulting  in  a  large  number  of  aggregations  (101) 
being  extracted  from  this  otherwise  continuous  feature.  In  the  absence  of  net  samples  or 
sufficient  multi -frequency  acoustic  data,  it  is  not  clear  whether  these  putative 
aggregations  are  in  fact  krill.  The  deeper  more  discrete  acoustic  features  did  not  exceed 
the  -70  dB  threshold  and  so  were  not  extracted  as  aggregations. 
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Figure  5.10  -  Aggregation  mean  biomass  density  (g  m'^;  log  scale)  during  the  day  and 
night  for  each  survey  period.  The  mode  of  smaller  densities  during  daytime  in  the  winter 
of  2002  mostly  correspond  to  the  large  number  of  small  aggregations  observed  on 
September  2,  which  may  not  have  been  composed  of  large  krill  (see  Figure  5.9  and  text). 
Asterisks  indicate  the  results  of  a  Mann-Whitney  U-test  comparing  densities  observed 
during  day  to  those  observed  during  night.  This  is  a  rank-based  (i.e.,  non-paramctric)  test 
for  comparing  the  distributions  of  two  variables:  ****  denotes  p  <  0.0001 ,  **  p  <  0.01 . 
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Figure  5.11  -  Aggregation  height  (m)  in  relation  to  length  (m),  plotted  for  day  and  night 
separately.  Note  that  the  axes  limits  differ  between  the  fall  and  winter  plots. 
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5.3.2  Influence  of  krill  length 


Acoustic  estimates  of  the  weighted  mean  length  of  krill  in  certain  aggregations  were 
available  for  the  two  surveys  performed  in  fall.  The  few  aggregations  detected  in  the  fall 
of  2001  where  small  (<  20  mm)  weighted  mean  lengths  of  member  animals  were 
estimated  all  were  found  at  shallow  depths  (<  80  m;  Figure  5.12),  and  showed  little 
evidenee  ofdiel  vertical  migration  (Figure  5.13;  Table  5.1).  No  trend  was  evident  in  the 
vertical  position  of  aggregations  and  weighted  mean  length  for  larger  sizes  (>  20  mm) 
during  either  fall  (Figure  5.12).  Similarly,  no  obvious  relationships  were  evident  between 
the  height,  length,  or  area  of  aggregations  and  estimated  krill  length,  other  than  that  in  the 
fall  of  2001  small  dimensions  were  associated  with  small  krill  lengths  (Figures  5.14  and 
5.15). 

5.3.3  Environmental  inlluences 
5. 3. 3.  a  Aggregation  depth 

In  examining  the  influence  of  environmental  properties  on  aggregation  depth,  it  is 
important  to  aecount  for  the  diel  variability  described  in  the  seetion  5.3.1.  This  was  done 
here  by  examining  the  day-  and  night-time  depth  of  aggregations  separately. 

During  the  night  in  the  fall  surveys,  when  aggregations  would  be  expected  to  be  in  the 
shallow  feeding  phase  of  the  typieal  vertieal  migration,  aggregations  in  regions  of  higher 
chlorophyll  a  (>  10  mg  m'^)  were  mostly  found  at  relatively  shallow  depths  (<  100  m; 
Figure  5.16).  In  regions  of  lower  chl-a,  however,  aggregations  during  night  were  found  at 
both  shallow  and  deep  depths.  Examining  all  hours  of  day,  there  was  also  some  indication 
of  reduced  vertieal  migrations  in  regions  of  higher  chlorophyll,  particularly  during  the 
fall  of  2001  (Figure  5.17;  Table  5.1).  In  winter,  chlorophyll  was  always  low  (<  3  mg  m  ") 
and  will  not  be  considered  further. 
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Figure  5.12  -  Aggregation  depth  (m)  in  relation  to  estimated  weighted  mean  length  of 
krill  (mm).  Due  to  malfunctions  of  the  acoustic  system,  length  could  only  be  estimated 
during  the  fall  surveys. 


233 


E 


250' 

0 


6 


•  <  20mm 

•  >  20rTm 


12  18  24 


Hour  of  Day 


Figure  5.13  -  Aggregation  depth  (m)  in  relation  to  time  of  day,  for  small  (<  20  mm)  and 
large  (>  20  mm)  krill  observed  in  fall  2001 .  Black  lines  shows  inferred  did  vertical 
migration  for  each  size  class  based  on  nonlinear  regression  fits  of  the  sinusoidal  model 
given  by  Equation  5.1  to  observed  mean  depths  of  center  of  aggregation  biomass, 
averaged  in  2-hour  intervals.  Dashed  lines  indicate  95%  confidence  interval. 
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Figure  5.14  -  Aggregation  length  (m;  log-scale)  in  relation  to  estimated  weighted  mean 
krill  length  (mm). 
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Figure  5.15  -  Aggregation  height  (m)  in  relation  to  estimated  weighted  mean  krill  length 
(mm). 
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Figure  5.16  -  Depths  (m)  of  aggregations  observed  during  the  night  in  relation  to 
choiorphyll  a  concentrations  integrated  from  the  surface  to  a  depth  of  30  m  (mg  m'^). 
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Figure  5.17  -  Diel  patterns  in  aggregation  depth  in  regions  of  high  (>  20  mg  m‘^), 
medium  (>  10  and  <  20  mg  m'^),  and  low  (<  1 0  mg  m'^)  chlorophyll  concentrations. 
Black  lines  shows  inferred  diel  vertical  migration  for  chl-a  >10  mg  m'^  (shallow  lines) 
and  <10  mg  m'^  (deeper  lines),  based  on  nonlinear  regression  fits  of  the  sinusoidal  model 
given  by  Equation  5. 1  to  observed  mean  depths  of  center  of  aggregation  biomass, 
averaged  in  2-hour  intervals  (Table  5.1).  Dashed  lines  indicate  95%  confidence  interval. 
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[n  examining  the  influence  of  ice  cover,  only  the  2002  surveys  were  considered,  since  in 
the  fall  of  2001  virtually  no  sea  ice  was  present  during  acoustic  surveying,  and  in  the 
winter  of  2001  only  very  few  aggregations  were  observed.  During  the  fall  of  2002,  no 
influence  of  ice  cover  on  aggregation  depth  was  evident  (Figure  5. 1 8).  In  winter  of  that 
year,  aggregations  observed  during  the  day  in  regions  of  high  ice  cover  (>  8  tenths) 
occupied  a  range  of  depths  that  included  both  shallow  and  deep  depths,  while  in  more 
ice-free  regions,  daytime  aggregations  were  found  only  deeper  in  the  water  column.  The 
cluster  of  aggregations  evident  in  figure  5.18  near  50  m  in  depth  and  ice  concentrations  of 
5-8  tenths  that  obscure  this  trend  again  correspond  to  the  atypical  scattering  observed  on 
September  2  (Figure  5.9).  Night-time  depths  in  the  winter  of  2002  also  tended  to  be 
shallower  in  regions  of  greater  ice  cover.  These  patterns  in  the  association  of 
aggregations  with  ice  concentration  are  somewhat  compromised  by  variable  survey  effort 
in  areas  of  high  versus  low  ice  cover.  During  the  winter  survey  in  particular,  only  16%  of 
acoustically-surveyed  waters  were  covered  by  less  than  eight  tenths  of  ice.  Low  survey 
effort  and  low  numbers  of  aggregations  observed  in  regions  of  low  ice  cover  thus  may 
limit  inferences  that  can  be  made  for  the  winter.  During  fall  of  2002,  34%  of  acoustically- 
surveyed  waters  were  covered  by  eight  tenths  or  more  ice,  perhaps  lending  more 
confidence  to  comparisons  of  ice-covered  and  ice-free  waters. 

No  relationship  was  evident  between  aggregation  depth  and  current  shear,  for  the  two  fall 
surveys  when  ADCP  current  data  were  available  (not  shown). 


5.3. 3. b  Aggregation  biomass  density 

Chlorophyll  a  concentration  and  ice  cover  were  also  associated  with  aggregation  biomass 
density.  Maximal  densities  during  fall  occurred  in  regions  of  lowest  ch\-a  (Figure  5.19). 
Ice  cover  had  little  obvious  association  with  biomass  density  in  the  fall  of  2002,  although 
the  greatest  densities  were  observed  in  regions  of  high  ice  cover  (>  8  tenths;  Figure  5.20). 
In  the  winter  of  2002,  the  most  dense  aggregations  during  both  day  and  night  were  found 
in  association  with  the  highest  ice  cover  (Figure  5.20). 
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Figure  5.18  -  Aggregation  depth  (m)  in  relation  to  ice  concentration.  Blue  dots  indicate 
aggregations  observed  during  the  day,  red  indicates  night.  For  the  winter  2002  survey, 
blue  +  symbols  denote  aggregations  observed  on  September  2  that  did  not  have  the 
typical  appearance  of  krill  aggregations  (see  Figure  5.6). 
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Figure  5.19  -  Aggregation  biomass  density  (g  m'^)  in  relation  to  chlorophyll  a 
concentration.  Blue  dots  indicate  aggregations  observed  during  the  day,  red  indicates 
night. 
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Figure  5.20  -  Aggregation  biomass  density  (g  m'  )  in  relation  to  ice  concentration 
(tenths).  Blue  dots  indicate  aggregations  observed  during  the  day,  red  indicates  night. 
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5.3.3.C  Aggregation  size 


Aggregation  size  was  assessed  via  total  length  and  height.  Area  was  also  examined  but 
showed  comparable  trends,  and  so  is  not  reported.  Aggregation  length  showed  1  ittle 
variation  with  the  depth  occupied  by  the  aggregation,  while  height  showed  an  increase 
(Figure  5.21).  In  fall,  aggregations  were  of  largest  extent  in  regions  of  lowest  chlorophyll 
concentrations  (Figure  5.22).  No  pattern  in  size  variation  with  ice  concentration  was 
evident  (not  shown). 

During  fall  when  current  data  were  available,  the  largest  aggregations  in  terms  of  both 
length  and  height  were  associated  with  regions  of  the  smallest  estimated  horizontal  shear 
(Figure  5.23).  The  association  of  aggregation  height  and  length  with  vertical  shear  was 
less  clear  and  suggested  that  maximal  aggregation  size  was  associated  with  mid-ranges  of 
vertical  shear  (Figure  5.24).  Numerous  small  aggregations  were  also  present  in  low-shear 
regions,  but  only  small  aggregations  were  present  in  regions  of  high  shear. 


5.3.4  Influence  of  predators 

Krill  aggregations  observed  during  time  periods  of  concurrent  predator  surveying  were 
examined  for  differences  between  cases  where  predators  were  present  or  absent.  Predator 
surveys  were  only  conducted  during  daylight  hours,  and  so  the  influence  of  the  presence 
or  absence  of  predators  could  only  be  examined  for  aggregation  characteristics  during 
daytime;  the  potentially  confounding  effect  of  diel  variability  therefore  does  not  need  to 
be  taken  into  account. 

Aggregation  depth  showed  little  consistent  association  with  the  presence  of  whales, 
although  low  numbers  of  whales  observed  and  thereby  low  numbers  of  aggregations 
found  associated  with  whales  make  firm  interpretations  difficult:  in  the  winter  of  2001 
and  fall  of  2002,  only  two  aggregations  were  found  in  association  with  whales  (Figure 
5.25a).  Many  seals  were  observed,  however,  in  association  with  krill  aggregations;  in 
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Figure  5.21  -  Aggregation  height  vs.  aggregation  depth  (m).  Blue  circles  indicate 
aggregations  observed  during  daytime,  red  +  symbols  indicate  nighttime  aggregations. 
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Figure  5.22  -  Aggregation  height  (m)  in  relation  to  chlorophyll  a  concentration.  Blue 
dots  indicate  aggregations  observed  during  the  day,  red  indicates  night.  Similar  patterns 
of  largest  aggregations  associated  with  lower  chlorophyll  levels  were  evident  for 
aggregation  length  and  area,  but  are  not  shown. 
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Figure  5.23  Aggregation  length  (m)  in  relation  to  horizontal  (left-hand  plots)  and 
vertical  (right-hand)  current  shear.  Current  data  were  only  available  for  the  two  fall 
surveys. 
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Figure  5.24  -  Aggregation  height  (m)  in  relation  to  horizontal  (left-hand  plots)  and 
vertical  (right-hand)  current  shear. 
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both  2002  surveys,  more  aggregations  were  found  associated  with  seals  than  with  seals 
absent  (Figure  5.25b).  The  presence  of  seals  was  significantly  associated  with 
aggregation  depth  (Figure  5.25b).  In  fall,  when  seals  were  present,  aggregation  daytime 
depths  were  generally  deep  (>  100  m),  whereas  when  seals  were  absent,  daytime  depths 
were  shallow  (<  100  m).  During  winter,  some  aggregations  were  found  at  shallow  depths 
when  seals  were  both  present  and  absent,  but  proportionally  more  aggregations  were 
found  deeper  in  the  water  column  when  seals  were  present.  The  depths  occupied  by 
aggregations  when  seals  were  present  during  the  winter  of  2002  were  also  deeper  than 
that  fall.  The  relationship  between  depth  and  the  presence  of  penguins  was  less  clear. 
During  the  winter  of  2002  when  the  most  aggregations  were  observed  in  regions  where 
penguins  were  present,  no  obvious  variation  in  depth  was  apparent  between  instances 
when  penguins  were  present  or  absent  (Figure  5.25c).  During  the  fall  of  2002, 
aggregations  were  not  found  at  shallow  depths  (<  80  m)  when  penguins  were  present, 
although  such  depths  were  occupied  when  penguins  were  absent;  note  though  that  this 
difference  in  the  distribution  of  depths  occupied  was  not  significant  (Figure  5.25c). 

Aggregation  biomass  density  showed  less  clear  relationships  with  the  presence  or 
absence  of  each  predator  type  (Figure  5.26).  Overall,  however,  there  was  a  certain 
tendency  towards  denser  aggregations  when  predators  were  present,  for  all  three  predator 
types.  This  increase  in  density  was  especially  noticeable  during  the  winter  of  2002  in 
comparing  cases  when  whales  and  seals  were  present  versus  absent.  Particularly  in  the 
case  of  seals  and  penguins,  the  very  largest  densities  were  also  found  in  regions  where 
predators  were  present. 

Aggregation  size  showed  little  consistent  association  with  the  presence  of  predators 
(Figure  5.27).  The  only  obvious  relationship  was  that  the  distribution  of  aggregation 
lengths  (Figure  5.27b)  and  heights  (not  shown)  included  tails  that  extended  towards 
larger  sizes  when  seals  were  present  than  when  they  were  absent. 
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Figure  5.25  -  Aggregation  depth  (m)  during  each  survey,  for  predators  present  or  absent. 
Presence  was  defined  as  at  least  one  predator  within  10  km  of  a  given  aggregation. 
Predator  surveys  were  conducted  during  daylight  hours  and  so  only  daytime  aggregations 
are  considered.  Note  that  y-axes  for  each  present/absent  pair  are  not  always  the  same. 
Asterisks  indicate  the  results  of  Mann-Whitney  U-tests  comparing  depths  observed  when 
predators  were  present  to  those  observed  when  predators  were  absent.  This  is  a  rank- 
based  (i.e.,  non-parametric)  test  for  comparing  the  distributions  of  two  variables:  **** 
denotes  p  <  0.0001,  ***  p  <  0.001,  **  p  <  0.01 ,  *  /?  <  0.05.  n-s  indicates  tests  v/here  the 
difference  was  non-significant  {p  >  0.05),  —  indicates  that  no  test  was  performed. 
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Figure  5.25  -  (B)  Seals 
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Figure  5.25  -  (C)  Penguins 


251 


WINTER  01 


(/) 

c 

.o 

PD 

cn 

O) 

O) 

< 


(/) 

c 

o 

TO 

05 

<D 

O) 

cn 

< 


40  ■ 
30- 
20 
10 
0  ^ 


10 


40 


20 


0  '  * 

10° 


30 

20 

10 

0 

30 

20 

10 

0 


10 


FALL  01 


n-s 


Whales  Present 


i  I 


10 


10 


Whales  Absent 


m  I  - 
10’  10^ 

FALL  02 


Whales  Present  I 


10 


10 


Whales  Absent 


rU izL 


10  10  10 

Biomass  Density  (g  m  '^) 


10 


10  10 


10 

5 

1 _ 

0 

A  ! 

10°  10° 


10, 


Whales  Present 


'  ,0' 


10 


10' 


Whales  Absent 


10 


10 


IQ- 


WINTER  02 

****  Whales  Present 


I  

rzi  I 

LTT- 

-_J  .  . 

10“ 

io' 

10' 

I 

Whales  Absent 

I 

I  I 

:  tZL- 

1  : 

10° 

10^ 

10' 

'  10^ 

Biomass  Density  (g  m  '^) 


Figure  5.26  -  Aggregation  density  of  biomass  (g  m'^)  during  each  survey,  for  predators 
present  or  absent.  Asterisks  indicate  the  results  of  Mann-Whitney  U-tests  comparing 
densities  observed  when  predators  were  present  to  those  observed  when  predators  were 
absent:  ****  denotes  p  <  0.0001,  ***  p  <  0.001,  **  p  <  0.01,  *  /?  <  0.05.  n-s  indicates 
tests  where  the  difference  was  non-significant  (p  >  0.05),  —  indicates  that  no  test  was 
performed. 
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Figure  5.26  -  (B)  Seals 
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Figure  5.26  -  (C)  Penguins 
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Figure  5.27  -  Aggregation  length  (m)  during  each  survey,  for  predators  present  or 
absent.  Asterisks  indicate  the  results  of  Mann-Whitney  U-tests  comparing  lengths 
observed  when  predators  were  present  to  those  observed  when  predators  were  absent: 
****  denotes  p  <  0.0001,  ***  p  <  0.001,  **  /?  <  0.01,  *  /?  <  0.05.  n-s  indicates  tests 
where  the  difference  was  non-significant  {p  >  0.05),  —  indicates  that  no  test  was 
performed. 
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Figure  5.27  -  (B)  Seals 
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Figure  5.27  -  (C)  Penguins 


5.3.5  Variability  in  density  and  size  within  individual  aggregations 


Certain  aggregations  from  the  two  surveys  conducted  in  fall  were  also  selected  for  more 
detailed  examination  of  within-aggregation  variation  in  the  density  and  size  of  krill. 
Aggregations  were  chosen  to  represent  the  very  large  aggregation  type  present  in  coastal 
areas  that  accounted  for  a  majority  of  overall  regional  biomass  (see  Chapter  4).  The 
multi-frequency  inversion  method  of  Chapter  4  was  applied  to  estimate  the  weighted 
mean  length  and  density  represented  by  each  acoustic  element  in  these  aggregations. 

These  inversions  suggested  that  for  all  but  one  of  the  aggregations  considered,  the 
distributions  over  all  elements  of  estimated  weighted  mean  lengths  were  uni-modal  and 
quite  narrowly  distributed  about  the  dominant  mode  (representative  aggregations  shown 
in  Figures  5.28-5.29).  Furthermore,  in  all  but  the  one  atypical  aggregation,  little  size- 
segregation  within  aggregations  was  evident:  estimated  length  did  vary  slightly  from 
element  to  element,  but  not  in  any  systematic  fashion.  For  the  aggregation  observed  on 
May  14,  2002  (Figure  5.28a),  there  was  some  suggestion  of  slightly  smaller  estimated 
lengths  in  between  those  regions  of  the  aggregation  where  scattering  was  very  high 
(Figure  5.28d).  There  was  also  some  suggestion  of  smaller  weighted  mean  lengths 
estimated  immediately  below  the  BIOMAPER-IJ,  and  larger  lengths  immediately  above 
(indicated  by  arrows  in  Figure  5.28d).  The  aggregations  observed  on  May  8,  2002, 
similarly  showed  no  evidence  of  size-segregation,  aside  again  from  slightly  smaller 
lengths  estimated  immediately  below  the  towed  body  in  those  instances  where  the  towed 
body  passed  through  the  aggregation  (Figure  5.29d).  This  tendency  to  infer  smaller 
weighted  mean  lengths  immediately  below  the  towed  body  and  larger  immediately  above, 
in  aggregations  where  otherwise  uniform  length  distributions  were  observed,  may  reflect 
an  artifact,  perhaps  related  to  greater  error  in  acoustic  measurements  made  near  to  the 
towed  body  where  sample  volumes  are  particularly  small.  It  may  also  reflect  avoidance 
by  the  krill  of  the  oncoming  towed  body,  with  larger  krill  of  greater  swimming  speeds 
evading  the  towed  body  more  effectively  (thereby  deflating  length  estimates  Just  below 
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Figure  5.28  —  Variability  in  acoustic  estimates  of  the  size  and  numerical  density  of  krill  in  a  '  arge 
aggregation  observed  on  May  14  (yearday  134)  during  the  fall  of  2002.  In  addition  to  the  multi- frequency 
acoustic  evidence,  net  and  video  samples  confirmed  that  the  aggregation  was  composed  of  krill,  of  mean 
length  39.9  mm  (see  Chapter  4  for  additional  details  on  net  samples  in  this  region).  (A)  Acoustic  volume 
backscattering  strength  data  collected  at  120  kHz  in  decibels  (dB).  Higher  scattering  could  result  in 
principle  from  either  more  or  larger  animals.  White  at  the  top  and  bottom  of  the  echogram  indicate  regions 
where  surface  and  bottom  scattering  were  excised,  respectively.  The  zigzagging  white  trace  indicates  the 
position  of  the  BIOMAPER-II  towed  body.  (B,  D)  Acoustic  estimates  of  the  density  and  weighted  mean 
length  of  animals  in  each  acoustic  element  shown  via  the  color  scale,  relative  to  depth  and  along-track 
distance.  These  estimates  are  based  on  inversions  of  the  multi-frequency  acoustic  data,  which  were  only 
performed  on  acoustic  elements  meeting  the  threshold  backscattering  and  mean  volume  backscattering 
difference  criteria  necessary  to  be  attributed  to  krill  (see  methods  section  5.2.3).  As  such,  only  a  subset  of 
all  acoustic  elements  evident  in  (A)  are  associated  with  length  and  density  estimates  in  (B)  and  (D). 
Furthermore,  inversions  were  only  performed  for  elements  where  measurements  were  available  at  all  four 
acoustic  frequencies.  The  varying  lower  bound  to  the  length  and  density  estimates  is  determined  by  the  100 
m  range  limit  of  the  420  kHz  system.  Note  that  density  is  plotted  on  a  log-scale.  Right-pointing  arrow 
indicates  region  where  length  estimates  were  made  from  data  collected  immediately  below  the  towed  body 
and  were  smaller  than  elsewhere  in  the  aggregation.  Left-pointing  arrow  indicates  region  where  length 
estimates  were  atypical ly  large  and  were  made  from  data  collected  immediately  above  the  body.  (C) 
Frequency  distribution  of  estimated  krill  lengths  over  all  acoustic  elements  in  the  aggregation. 
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Figure  5.29  -  Variability  in  acoustic  estimates  of  the  size  and  numerical  density  of  krill 
in  a  large  aggregation  observed  on  May  8  (yearday  128)  during  the  fall  of  2002.  (A) 
Acoustic  volume  backscattering  strength  at  120  kHz  in  decibels  (dB).  The  data  span  a 
time  period  of  two  hours,  from  1611  to  181  Ih,  on  a  day  when  sunset  was  at  1538h.  (B,  D) 
Acoustic  estimates  of  the  density  and  mean  length  of  animals  in  each  acoustic  element 
shown  via  the  color  scale,  relative  to  depth  and  along-track  distance.  Arrows  indicate 
regions  where  length  estimates  were  made  from  data  collected  immediately  below  the 
towed  body  and  were  smaller  than  elsewhere  in  the  aggregation.  (C)  Frequency 
distribution  of  estimated  krill  lengths  over  all  acoustic  elements  in  the  aggregation.  Sec 
caption  to  Figure  5.25  for  additional  details. 
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Figure  5.30  -  Variability  in  acoustic  estimates  of  the  size  and  numerical  density  of  krill 
in  a  large  aggregation  observed  on  May  24  (yearday  144)  during  the  fall  of  2001.  In 
addition  to  the  multi-frequency  acoustic  evidence,  video  samples  confirmed  that  the 
aggregation  was  composed  of  krill.  (A)  Acoustic  volume  backscattering  strength  at  120 
kHz  in  decibels  (dB).  (B,  D)  Acoustic  estimates  of  the  density  and  mean  length  of 
animals  in  each  acoustic  element  shown  via  the  color  scale,  relative  to  depth  and  along- 
track  distance.  Arrow  indicates  region  where  length  and  density  estimates  are  thought  to 
be  erroneous,  likely  due  to  calibration  issues  concerning  acoustic  data  collected  with  the 
up-looking  transducers  (see  text).  (C)  Frequency  distribution  of  estimated  krill  lengths 
over  all  acoustic  elements  in  the  aggregation.  See  caption  to  Figure  5.25  for  additional 
details. 
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the  towed  body)  and  reforming  aggregations  once  the  towed  body  passed  more  rapidly 
(thereby  increasing  length  estimates  just  above  the  body). 

The  only  exception  to  this  general  lack  of  systematic  intra-aggregation  variation  in 
estimated  length  was  the  aggregation  observed  on  May  24,  2001,  where  a  distinct  pattern 
of  size-segregation  was  apparent.  Smaller  weighted  mean  lengths  were  estimated  for  krill 
shallower  in  the  aggregation,  grading  to  larger  sizes  with  increasing  depth  (Figure  5.30d). 
Estimates  of  weighted  mean  length  made  from  data  collected  by  the  upwards-facing 
transducers  in  this  aggregation  did  not  show  this  same  trend  in  the  vertical  distribution  of 
estimated  lengths  (indicated  by  arrow  in  Figure  5.30d).  This  most  likely  is  an  artifact 
related  to  calibration  error  associated  with  these  transducers,  which  in  2001  were  less 
thoroughly  calibrated  than  the  downwards-facing  transducers.  It  is  also  conceivable  that 
the  presence  of  the  towed  body  had  some  influence  on  the  behavior  of  the  krill,  or  that  the 
turbulent  wake  left  behind  the  tow  cable  enhanced  the  observed  scattering  levels  (similar 
to  what  was  observed  in  a  freshwater  experimental  setting  by  Thorpe  and  Brubaker, 

1983).  The  alternative  explanation  of  some  range-related  error  associated  with 
measurements  by  the  down- looking  transducers,  such  as  noise  contamination  or  issues  to 
do  with  noise  thresholds,  leading  to  an  apparent  increase  in  krill  length  at  greater  depths 
below  the  body  seems  less  likely.  The  fact  that  the  depth  at  which  the  transition  from 
small  to  large  sizes  occurs  varies  within  the  aggregation  even  while  the  towed  boy  was 
held  at  constant  depth,  would  argue  that  the  pattern  is  real  and  not  some  consequence  of 
range-related  acoustic  error. 

In  contrast  to  length,  estimates  of  krill  numerical  density  within  these  case-study 
aggregations  showed  more  variability  (Figures  5.28b-5.30b).  Within  single  aggregations, 
density  varied  by  one  to  two  orders  of  magnitude.  In  the  aggregation  from  May  8,  2001, 
where  strong  size  variability  was  evident,  the  smaller  krill  occurred  at  much  higher 
densities  than  the  larger  length  mode  (Figure  5.30b).  It  is  also  interesting  to  note  that  the 
acoustic  data  from  May  24,  2002,  spanned  a  time  period  of  two  hours,  from  1611  to 
181  Ih,  on  a  day  when  sunset  was  at  1538h.  The  change  in  vertical  position  of  the  krill 
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aggregations  along  the  transect  illustrates  the  upwards  migration  of  krill  from  their  deep 
daytime  to  shallower  nighttime  depths  (Figure  5.29a).  Note  also  the  change  in  density: 
aggregations  were  more  dense  earlier  in  this  time  span  when  present  deeper  in  the  water 
column  than  when  they  later  occupied  shallower  depths  (Figure  5.29b). 


5.4  DISCUSSION 

Krill  aggregations  observed  in  this  study  displayed  distinct  variability  in  vertical  position 
and  structure.  The  associations  of  these  aggregation  characteristics  with  features  of  the 
physical  and  biological  environment  allow  important  insight  into  the  likely  impetus  and 
forces  underlying  krill  aggregation  and  vertical  migration. 

As  has  been  observed  previously,  overall  distributions  of  aggregations  were  dominated 
by  small  sizes  and  densities  (Sprong  and  Schalk,  1992;  Miller  et  aL,  1993;  Ross  et  aL, 
1996;  Lascara  et  aL,  1999).  Previous  studies  of  krill  aggregations  in  fall  and  winter, 
however,  have  been  few  (Zhou  et  aL,  1994;  Ross  et  aL,  1996;  Lascara  et  at.,  1999).  In 
surveys  along  the  Western  Antarctic  Peninsula  north  of  the  present  study  area,  Ross  et  aL 
(1996)  saw  an  increase  in  aggregation  size  between  fall  and  winter  surveys,  associated 
with  a  decrease  in  aggregation  density  and  reduction  in  overall  numbers  of  aggiegations 
encountered.  A  similar  trend  was  observed  by  Lascara  et  aL  (1999)  in  surveys  that 
overlapped  with  the  northern  reaches  of  the  area  examined  here.  In  the  present  study,  a 
decrease  in  both  aggregation  size  and  density  was  evident  between  the  fall  and  winter  of 
2001.  During  2002,  aggregation  size  was  comparable  between  fall  and  winter,  while 
densities  shifted  towards  higher  values.  In  both  years,  the  seasonal  trends  thus  differed 
from  those  observed  in  previous  studies.  This  likely  relates  to  some  combination  of 
spatial  variability,  the  vertical  limits  of  the  acoustic  systems  employed  by  these  earlier 
studies  (maximum  depths  of  300  and  189  m  for  the  Ross  et  aL,  (1996)  and  Lascara  et  aL, 
(1999)  studies,  respectively),  and  to  their  low  numbers  of  aggregations  observed  overall 
in  winter  (117  and  56  aggregations  observed  by  the  Ross  et  aL,  (1996)  and  Lascara  et  aL, 
(1999)  studies,  respectively,  as  compared  to  566  wintertime  aggregations  in  2002  in  the 
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present  study).  The  minimum  detectable  sizes  in  terms  of  horizontal  extent  in  these 
earlier  studies  were  smaller  than  in  the  present  study  (2-  25  m),  and  so  their  lower 
numbers  of  aggregations  observed  in  winter  is  not  due  to  multiple  small  aggregations 
being  perceived  by  their  acoustic  systems  as  single  larger  aggregations  due  to  a  coarse 
resolution. 

The  observation  that  log-log  plots  of  the  number  of  aggregations  larger  than  a  given  size 
relative  to  aggregation  size  displayed  linear  slopes  suggests  that  the  distributions  of 
aggregation  lengths  were  fractal,  or  more  specifically,  self-similar  (Hastings  and 
Sugihara,  1993).  In  contrast,  the  distributions  of  aggregation  height  were  not  self-similar. 
This  agrees  with  the  findings  of  Krause  (1998),  who  also  found  evidence  of  self¬ 
similarity  in  krill  aggregation  length  but  not  height  when  re-analyzing  the  acoustic 
observations  of  krill  aggregations  of  Sprong  and  Schalk  (1992).  The  latter  study  was 
conducted  during  austral  summer,  and  Krause  (1998)  measured  a  slope  of  -0.89  in  the 
relationship  between  the  logarithm  of  the  number  of  aggregations  longer  than  a  given 
length  versus  the  logarithm  of  length.  The  steeper  slopes  estimated  in  the  present  work  (- 
1.23  to  -1.93)  may  relate  to  seasonal  differences,  or  possibly  to  the  different  thresholds 
used  by  the  present  study  as  compared  to  Sprong  and  Schalk  (1992)  for  defining 
aggregations  in  the  acoustic  record.  The  mechanisms  underlying  the  fractal  nature  of 
aggregation  length  and  the  exact  slopes  observed  remain  unclear,  and  would  be  an 
interesting  avenue  of  further  investigation.  Most  likely  they  represent  an  interaction 
between  physical  processes  and  krill  behavior.  Irrespective  of  the  causes,  however,  the 
fact  that  the  distribution  is  self-similar  provides  a  convenient  means  of  describing  the 
distribution  of  krill  aggregation  lengths  over  a  wide  range  of  spatial  scales,  which  could 
be  useful  in  modeling  studies  of  krill  aggregative  behavior  or  in  interpolating  acoustic 
fields  for  the  un-surveyed  regions  between  survey  lines. 
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5.4.1  Strengths  and  weaknesses  of  the  acoustic  analyses 

The  present  study  has  certain  strengths  that  are  perhaps  unusual  among  acoustic  studies 
of  krill  aggregations  in  some  respects.  A  particular  strength  is  that  the  results  suffer  little 
from  concerns  that  krill  were  present  at  depths  beyond  the  range  of  the  acoustic  system, 
as  the  BIOMAPER-Il  was  able  to  survey  to  the  bottom  over  much  of  this  continental 
shelf  region.  Furthermore,  while  multi-frequency  techniques  for  discriminating  acoustic 
scattering  arising  due  to  krill  from  that  of  other  zooplankton  have  been  available  for  some 
time  (see  review  in  Watkins  and  Brierley,  2002)  and  are  now  in  widespread  use  in 
biomass  surveys  for  the  krill  fishery  (e.g.,  Hewitt  et  aL,  2003),  they  have  seldom  been 
employed  in  studies  of  individual  krill  aggregations  (e.g.,  Brierley  and  Watkins,  2000). 
More  typically,  krill  aggregations  have  been  identified  through  some  combination  of 
threshold  levels  of  volume  backscattering  strength  or  biomass,  visual  scrutiny,  and 
comparisons  to  limited  net  samples  (e.g.,  Miller  ei  aL,  1989;  Sprong  and  Schalk,  1992; 
Ross  et  al.,  1996;  Lascara  et  aL,  1999).  The  present  study  also  marks  the  first  time  that 
multi-frequency  methods  like  those  developed  in  Chapter  4  have  been  used  in  the 
Antarctic  to  estimate  the  length  of  animals  in  acoustically-observed  aggregations,  in  order 
to  make  inferences  about  potential  size-related  changes  in  krill  aggregative  behavior. 

Nonetheless,  certain  sources  of  uncertainty  in  the  present  acoustic  analyses  must  also  be 
acknowledged.  The  greatest  uncertainty  surrounds  the  specific  composition  of  the 
acoustically-identified  aggregations.  Identification  of  krill  was  done  via  multi-frequency 
analyses  in  combination  with  some  visual  scrutiny  of  the  acoustic  record.  In  the  fall  of 
2001  and  both  winters,  concerns  with  the  sensitivity  and  proper  functioning  of  the  43  kHz 
system  led  to  greater  uncertainty  in  identifying  krill  than  in  the  fall  of  2002  (Chapter  4). 
The  results  of  these  surveys  should  thus  be  approached  with  greater  caution.  For  the  same 
reasons,  greater  uncertainty  surrounds  the  estimates  of  the  weighted  mean  length  of  krill 
in  aggregations  observed  in  fall  of  2001  than  in  2002. 


265 


Equally  important  is  the  fact  that  the  acoustic  methods  employed  do  not  discriminate 
among  the  different  species  of  aggregating  euphausiids  that  are  known  to  inhabit  this 
region.  Thysanoessa  macrura  has  been  observed  to  form  diffuse  swarms  detectable  by 
acoustic  instruments,  at  densities  of  animals  described  as  similar  to  “background”  levels 
of  Antarctic  krill  (Daly  and  Macaulay,  1988).  It  is  quite  likely  that  any  such  diffuse 
aggregations  would  be  filtered  out  by  the  application  here  of  a  threshold  scattering  level. 
Both  Eiiphausia  siiperba  and  E.  crystallorophias,  however,  regularly  form  dense 
aggregations  (Everson,  2000b;  Ross  et  al.,  1996).  E.  crystallorophias  is  a  smaller  species, 
and  lengths  observed  in  net  samples  made  by  companion  studies  during  the  survey 
periods  did  not  exceed  30  mm  (K.  Daly,  personal  communication).  In  comparison, 
weighted  mean  lengths  estimated  for  the  aggregations  examined  here  mostly  exceeded  30 
mm.  Nonetheless,  it  must  still  be  acknowledged  that  our  inferences  concerning 
aggregative  and  vertical  migratory  behavior  may  be  confounded  by  potential  inter¬ 
specific  behavioral  differences,  particularly  for  those  aggregations  where  smaller 
weighted  mean  lengths  were  estimated. 

Aggregations  were  defined  in  part  by  a  threshold  volume  backscattering  strength,  derived 
on  the  basis  of  the  numerical  density  of  animals  that  corresponds  to  the  maximum  visual 
sensing  distance  over  which  a  given  animal  can  maintain  some  association  with  its 
nearest  neighbor,  and  thereby  with  the  aggregation  as  a  whole  (Chapter  4).  Although  this 
threshold  thus  does  have  some  biological  justification,  its  application  did  sometimes 
result  in  somewhat  arbitrary  distinctions  between  volume  backscattering  deemed  to  be 
'within  aggregations’  and  immediately  neighboring  measurements  considered  to  be 
'background.’  The  large  number  of  very  small  aggregations  extracted  from  the  acoustic 
data  collected  on  September  2  during  the  winter  of  2002,  which  opposed  many  of  the 
overall  trends  otherwise  observed  in  aggregation  depth,  illustrate  such  a  situation. 
Repeated  fluctuations  in  volume  backscattering  strength  above  and  below  the  threshold 
led  to  the  identification  of  a  number  of  apparent  aggregations  from  what  appears  to  the 
eye  to  be  an  otherwise  continuous  feature,  more  like  a  layer  than  a  typical  krill 
aggregation  (Figure  5.9).  Some  uncertainty  thus  may  be  introduced  into  the  present 
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estimates  of  aggregation  size  due  to  the  division  of  what  the  krill  might  perceive  as  single 
aggregations  into  smaller  units  meeting  the  present  definition  of  aggregations. 

Mean  volume  backscattering  strength  in  acoustically-identified  aggregations  and 
estimates  of  aggregation  horizontal  extent  are  also  influenced  by  the  nature  of  the 
acoustic  beam.  The  sample  volumes  during  the  first  and  last  pings  in  a  given  aggregation 
are  likely  not  completely  filled  with  krilf  leading  to  a  distortion  of  estimates  of 
aggregation  length  and  mean  volume  backscattering  (Reid,  2000).  Since  the  acoustic 
beam  widens  with  depth,  these  distorting  effects  are  magnified  for  deeper  aggregations. 
Methods  for  correcting  estimated  aggregation  length  for  the  effects  of  beam  width  have 
been  proposed,  based  on  simulated  fish  schools  (Reid,  2000).  As  noted  earlier,  the  coarse 
resolution  of  the  present  data  makes  it  unclear  that  these  corrections  are  warranted,  and  in 
any  case,  the  trends  reported  here  did  not  differ  whether  the  corrections  were  made  or 
not.  Likewise,  no  attempt  was  made  to  correct  the  measurements  of  mean  volume 
backscattering  used  in  estimating  krill  length  for  the  effects  of  beam  pattern.  Again,  the 
coarse  nature  of  the  data  (averaging  over  four-ping  cycles)  makes  it  unclear  that 
correcting  for  potential  bias  in  the  first  and  last  pings  within  the  aggregation  would  be 
appropriate.  Furthermore,  the  application  of  the  threshold  scattering  level  used  in 
defining  aggregations  may  serve  to  exclude  edge  measurements  potentially  biased  by 
beam  width  effects.  Nonetheless,  it  is  important  to  acknowledge  that  some  uncertainty 
related  to  beam  width  may  exist  in  the  krill  length  and  density  estimates,  particularly  for 
smaller  and  deeper  aggregations. 

A  related  issue  is  that  the  acoustic  system  does  not  measure  the  horizontal  extent  of 
aggregations  in  an  across-track  direction.  Total  biomass  in  aggregations  was  therefore 
considered  here  via  the  index  of  biomass  per  across-track  meter.  This  likely  penalizes 
longer  aggregations,  however,  which  may  well  be  equally  large  across-track  as  they  are 
in  the  observed  along-track  dimension;  were  this  across-track  distance  known,  the 
calculated  total  biomass  of  larger  aggregations  might  exceed  those  of  smaller 
aggregations  by  an  even  greater  amount.  This  therefore  introduces  uncertainty  into  our 
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use  of  the  mean  depth  of  the  center  of  krill  biomass  to  examine  vertical  migratory 
behavior  of  the  local  krill  population  as  a  whole.  Estimates  of  aggregation  depth  and  size 
are  also  affected  by  the  resolution  of  the  data  (1.5  m  vertically  by  ~35  m  horizontally), 
which  by  many  acoustic  standards  is  quite  coarse.  Aggregation  depth  and  size  varied 
substantially,  however.  The  horizontal  extent  of  aggregations,  for  instance,  varied  over 
orders  of  magnitude.  It  therefore  seems  unlikely  that  the  present  insights  into  aggregation 
structure  would  be  much  improved  by  having  data  of  finer  resolution. 

Additional  uncertainty  may  be  associated  with  the  estimates  of  krill  biomass  density  due 
to  other  aspects  of  the  acoustic  methods,  notably  in  the  acoustic  inversion  for  the 
weighted  mean  length  of  animals  in  each  aggregation  and  the  target  strength  estimates. 

As  demonstrated  by  the  calculations  of  Hewitt  and  Demer  (1993),  however,  the  error 
introduced  into  acoustic  estimates  of  density  by  uncertainty  in  the  length  estimates  used 
to  calculate  target  strength  are  small  when  the  density  of  biomass  is  considered  instead  of 
the  density  of  individuals.  The  error  propagated  into  biomass  density  estimates  due  to 
uncertainty  in  the  weighted  mean  lengths  estimated  by  the  acoustic  inversion  should  thus 
be  minor.  Finally,  application  of  the  Lawson  et  ai  (2006)  target  strength  model  assumes 
that  aside  from  animal  length,  the  various  model  parameters  (e.g.,  krill  orientation,  shape, 
acoustic  material  properties)  do  not  vary  spatially  or  temporally;  some  uncertainty  may 
be  introduced  into  the  biomass  estimates  by  this  assumption,  but  too  little  evidence  exists 
to  verify  it  rigorously.  Note  that  additional  comments  on  the  various  sources  of  acoustic 
uncertainty  and  a  comprehensive  scrutiny  of  the  validity  of  the  acoustic  inversion  method 
can  be  found  in  Chapter  4. 


5.4.2  Diel  vertical  migration 

The  vertical  position  of  krill  aggregations  was  observed  to  vary  on  a  diel  basis,  with 
aggregations  deeper  in  the  water  column  during  the  day.  From  this,  it  can  be  inferred  that 
the  krill  migrate  vertically  on  a  diel  basis,  although  we  are  of  course  not  making 
observations  of  individual  animals.  Aggregations  were  also  more  dense  during  the  day 
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than  at  night.  These  observations  thus  conform  to  the  standard  pattern  in  diel  vertical 
migration  often  observed  in  acoustic  studies  of  krill  aggregations  in  other  regions  and 
times  of  year  (reviewed  in  Godlewska,  1996,  and  see  exceptions  to  the  typical  pattern 
listed  therein).  The  present  study  also  provides  the  first  direct  documentation  of  diel 
vertical  migration  by  krill  in  winter.  It  thus  contrasts  with  the  Ross  et  al.  (1996)  study 
where  no  evidence  was  found  for  vertical  migrations  during  surveys  conducted  in  June 
through  early  July,  and  supports  the  inferences  made  from  krill  fishery  catch  data  by  Taki 
et  al.  (2005)  that  diel  vertical  migrations  do  occur  in  winter,  with  greater  maximal  depths 
and  migratory  amplitudes. 

The  method  of  fitting  a  sinusoidal  function  of  time  to  the  mean  depth  of  the  center  of 
aggregation  biomass  employed  here  to  describe  krill  diel  vertical  migration  was  proposed 
by  Godlewska  and  Klusek  (1987)  as  a  highly  useful  means  of  standardizing  aci-oss  krill 
studies  and  comparing  migratory  patterns  between  regions  and  times.  Godlewska  (1993) 
argued  that  the  approach  of  weighting  the  depths  occupied  by  krill  by  biomass  is 
preferable  to  examining  the  depth  of  individual  aggregations  since  it  provides 
information  on  how  the  bulk  of  the  krill  population  under  investigation  are  behaving  and 
accounts  for  the  large  differences  that  can  occur  in  the  size  and  density  of  individual  krill 
aggregations.  A  similar  approach  has  also  been  successfully  applied  to  the  study  of 
vertical  migrations  by  other  zooplankton  elsewhere  (e.g.,  in  the  Mid-Atlantic  Eiight, 
Ashjian  et  al.,  1998).  Zhou  et  al.  (2005)  recently  made  observations  of  euphausiid  diel 
vertical  migrations  off  northern  Norway  and  found  that  the  upward  migrations  occurred 
very  rapidly,  in  a  way  that  could  not  be  described  by  a  sinusoid,  and  that  might  rather  be 
better  captured  by  a  step  function.  It  is  possible  that  the  individual  krill  aggregations 
examined  here  similarly  migrated  rapidly  between  deep  daytime  and  shallow  nighttime 
depths.  Nonetheless,  the  high  levels  of  deviance  explained  by  the  sinusoidal  models  used 
here  might  suggest  that  the  approach  of  fitting  a  sinusoidal  curve  was  appropriate  in 
examining  the  patterns  in  vertical  migrations  over  a  large  number  of  aggregations.  The 
description  provided  by  the  parameters  estimated  for  the  sinusoidal  model  (e.g., 
amplitude)  also  allowed  revealing  comparisons  between  the  survey  periods. 
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In  an  examination  of  overall  patterns  in  the  same  acoustic  volume  backscattering  data 
from  which  the  krill  aggregations  studied  here  were  extracted,  Lawson  et  al.  (2004) 
observed  little  difference  between  day  and  night  in  mean  volume  backscattering  at  120 
kHz  in  shallow  (25-100  m)  versus  deep  (100-300  and  300-500  m)  depth  strata.  If  the 
zooplankton  as  a  whole  were  migrating  upwards  at  night  the  expectation  would  be  of  an 
increase  in  volume  backscattering  in  the  shallower  depth  layers  from  day  to  night, 
assoeiated  with  decreases  in  the  deeper  strata.  The  lack  of  any  such  change  was  taken  as 
evidence  that  diel  vertical  migration  by  the  zooplankton  responsible  for  the  observed 
levels  of  volume  backscattering  had  little  impact  on  the  overall  patterns  examined.  As 
noted  in  that  study,  however,  the  observation  of  no  difference  in  mean  volume 
backscattering  between  day  and  night  did  not  preclude  the  possibility  that  some 
component  of  the  zooplankton  community  did  migrate  on  a  diel  basis.  Lawson  et  al. 
(2004)  also  demonstrated  that  krill  were  the  dominant  contributor  to  total  volume 
backscattering  at  only  limited  times  and  places.  The  present  observation  of  diel  vertical 
migration  by  krill  aggregations  is  thus  consistent  with  the  findings  of  that  earlier  study. 
The  potentially  confounding  influence  of  krill  vertical  migration  on  mean  levels  of 
volume  backscattering  appears  to  be  mitigated  by  the  krill  being  a  lesser  component  of 
the  overall  zooplankton  scattering  community  in  much  of  the  study  region. 

The  accepted  explanation  for  diel  vertical  migration  is  that  krill  migrate  upwards  in  the 
water  column  during  the  night  to  feed,  returning  to  greater  depths  by  day  to  avoid  visual 
predators  (Watkins,  2000).  Under  low  chlorophyll  a  conditions,  krill  have  been  observed 
to  migrate  with  smaller  amplitude  than  when  food  was  more  plentiful,  arguably  because 
the  need  for  food  outweighs  the  predation  risks  of  remaining  in  shallow  waters  during  the 
day  (Godlewska,  1996).  Otherwise,  the  evidence  underlying  the  proposed  explanation  for 
krill  vertical  migrations  has  been  mostly  indirect  or  drawn  by  analogy  to  studies  of  other 
euphausiid  and  mysid  species  (Ritz,  1994).  The  present  study  is  unusual  in  having  direct 
and  concurrent  measurements  of  many  of  the  environmental  properties  potentially  driving 
krill  vertical  migrations. 
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5. 4. 2.  a  Influence  of  food  availability  during  fall 

Patterns  in  the  distribution  of  aggregation  depths  observed  here  during  fall  indicated  that 
night-time  depth  distributions  included  substantially  larger  depths  in  the  regions  of  lowest 
chlorophyll,  and  also  suggested  a  greater  tendency  to  migrate  vertically  in  regions  of 
lower  chlorophyll.  This  latter  trend  was  evident  in  both  years  but  more  obvious  in  the  fall 
of  2001.  Godlewska  (1996)  found  that  vertical  migrations  were  less  pronounced  in 
conditions  of  low  food,  but  even  the  highest  levels  of  chlorophyll  observed  here  were 
lower  than  what  that  previous  study  of  spring  and  summer  migrations  considered  to  be 
‘low’  food  conditions  (43  mg  m'^).  Two  separate  patterns  may  have  occurred  in  the 
present  study  region.  In  portions  of  the  study  area  where  chlorophyll  was  relatively  high, 
a  small-amplitude  migration  with  krill  remaining  at  quite  shallow  depths  even  during  day 
was  observed,  similar  to  Godlewska’s  (1996)  ‘low’  chlorophyll  scenario.  In  regions 
where  phytoplankton  prey  was  effectively  absent,  aggregations  occupied  deeper  waters 
during  both  day  and  night  and  also  migrated  vertically  with  a  greater  amplitude. 
Alternately,  it  is  possible  that  food  levels  in  terms  of  chlorophyll  concentration  were  so 
low  that  they  had  no  effect  on  krill  migrations,  and  that  the  observed  relationships  were  in 
fact  due  to  some  other  factor  that  was  correlated  with  chlorophyll  concentration. 

Aggregation  biomass  density  in  fall  decreased  in  regions  of  higher  food  conditi  ons,  and 
also  during  the  night  relative  to  the  day,  supporting  the  hypothesis  that  krill  aggregative 
behavior  is  disrupted  somewhat  during  feeding  (Everson  and  Ward,  1980).  Aggregations 
did  not  disperse  completely  however,  and  night-time  densities  were  only  slightly  lower 
than  during  the  day,  consistent  with  the  suggestion  that  aggregation  and  feeding  are  not 
incompatible  activities  (Antezana  and  Ray,  1984). 


5.4.2.b  Influence  of  predators 

Added  to  this  association  with  food  availability  is  the  impact  of  the  presence  of  predators. 
Depths  occupied  by  aggregations  during  the  day  in  both  falls  and  the  winter  of  2002  were 
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significantly  greater  when  seals  were  present  than  when  they  were  absent.  Crabeater  seals 
have  been  thought  to  forage  primarily  in  the  upper  50  m  of  the  water  column,  based  on 
observations  made  mostly  during  summer,  but  a  companion  Southern  Ocean  GLOBEC 
study  observed  that  seals  in  the  present  study  area  dove  to  much  deeper  depths  (55%  of 
all  dives  were  to  depths  greater  than  50  m,  and  34%  deeper  than  100  m;  Bums  et  ai, 
2004).  The  deepest  dive  (664  m)  ever  recorded  was  in  fact  for  a  seal  tagged  by  this  study. 
Burns  et  al.  (2004)  also  observed  that  dive  depths  varied  over  the  course  of  the  day, 
becoming  deepest  near  midday,  with  the  diel  trend  becoming  more  pronounced  and 
deeper  maximal  daytime  depths  achieved  from  April  to  September.  The  diving  abilities 
and  behaviors  of  the  seal  predators  are  thus  consistent  with  the  hypothesis  that  krill 
aggregations  migrated  to  deeper  depths  during  the  day  to  avoid  this  visual  predator,  and 
with  the  observation  that  deeper  daytime  depths  were  occupied  during  winter  than  fall. 

Similarly,  there  was  some  evidence  that  shallow  depths  were  not  occupied  during  the  day 
when  penguins  were  present  in  the  fall  of  2002.  Adelie  penguins  are  capable  of  diving  to 
depths  of  175  m  (Whitehead,  1989),  although  the  main  depth  ranges  over  which  they 
forage  most  intensively  is  generally  shallower  and  varies  between  regions.  For  instance, 
98%  of  dives  were  shallower  than  20  m  during  the  December  chick-rearing  period  near 
the  Japanese  Syowa  Station  (Naito  et  al.,  1990)  versus  70%  of  dives  occurring  to 
maximum  depths  between  79  and  175  m  during  the  December  to  January  period  in  Prydz 
Bay  (Whitehead,  1989).  The  depths  to  which  these  penguins  dive  also  has  been  reported 
to  increase  during  the  day  (although  Chappell  et  al.  (1993)  report  an  exception  to  this 
pattern),  and  observations  of  the  stomach  contents  of  penguins  tagged  with  both  depth 
loggers  and  light  sensors  have  suggested  that  reduced  light  levels  decrease  foraging 
success  during  the  night  (Wilson,  et  al.,  1993).  The  present  observation  that  krill 
aggregations  did  not  occupy  shallow  depths  during  the  fall  of  2002  when  penguins  were 
present  may  suggest  that  the  presence  of  this  predator  influences  krill  vertical  migratory 
behavior;  the  lack  of  statistical  support  for  this  observation  though  precludes  firm 
conclusions.  Furthermore,  the  fact  that  this  pattern  did  not  persist  during  winter, 
combined  with  the  observation  that  krill  occupied  both  deep  and  shallow  depths  during 
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fall  when  penguins  were  absent  (unlike  when  seals  were  absent  in  this  season  and  only 
shallow  depths  were  selected),  may  suggest  that  krill  vertical  migratory  behavior  is  more 
strongly  influenced  by  the  deeper  diving  seals  than  the  penguins.  Additional  inibrmation 
on  the  relative  abundance  of  these  two  predators,  as  well  as  their  relative  degrees  of 
dependence  on  krill  as  a  food  source,  might  aid  in  differentiating  their  effects  on  krill 
behavior. 

It  is  also  important  to  recognize  that  both  chlorophyll  a  concentrations  and  predator 
occurrence  varied  substantially  across  the  surveyed  region,  and  teasing  apart  the  relative 
effects  of  food  availability  and  predation  pressure  on  aggregation  depth  is  not 
straightforward.  Regions  characterized  in  fall  by  low  chlorophyll  also  tended  to  be 
located  in  waters  closer  to  the  continent  (see  Chapter  4),  where  seal  and  penguin 
predators  were  most  abundant  during  fall  (Chapman  et  aL,  2004).  Predation  pressure  and 
food  availability  likely  interact  to  determine  the  vertical  position  of  aggregations.  Overall 
these  observations  are  consistent  though  with  the  notion  that  during  fall  in  the  regions  of 
low  food  availability  where  visual  predators  were  present,  krill  aggregations  occupied 
deep  waters  during  the  day  to  avoid  predation.  During  the  night,  some  aggregations 
migrated  to  shallower  depths,  but  many  aggregations  remained  at  depth,  perhaps  because 
food  levels  were  too  low  to  merit  the  energetic  cost  of  migrating  upwards.  In  regions  of 
higher  food  availability  where  predators  tended  to  be  absent,  the  krill  remained  at  more 
shallow  depths  during  both  day  and  night. 

During  both  fall  and  winter,  little  association  was  evident  between  krill  vertical 
migrations  and  the  presence  of  whales.  This  may  relate  to  the  low  numbers  of  whales 
observed,  or  to  the  nature  of  whale  feeding  versus  that  of  seals  or  penguins.  The  minke 
and  humpback  whales  observed  here  consume  large  ‘mouthfuls’  of  krill  at  a  time. 
Although  by  aggregating  the  krill  may  be  harder  to  find  than  if  they  were  more  uniformly 
distributed,  once  located,  being  in  an  aggregation  does  not  seem  like  a  sensible  strategy  to 
avoid  consumption  by  whales.  In  contrast,  seals  and  penguins  feed  on  small  numbers  of 
krill  at  a  time,  and  being  in  an  aggregation  may  dilute  the  risk  of  predation  experienced 
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by  an  individual  kiill  (Folt  and  Bums,  1999).  It  is  also  important  to  note  that  we  are  not 
able  to  consider  here  the  impact  of  pelagic  or  benthic  predators  such  as  squid  or  fishes, 
which  may  exert  strong  and  chronic  predation  pressure  on  the  krill,  at  a  variety  of  depths. 

For  all  three  predator  types  considered,  aggregation  densities  during  both  seasons  tended 
to  be  higher  when  predators  were  present.  In  the  case  of  aggregation  depth,  it  seems 
reasonable  to  infer  that  the  krill  occupy  deeper  depths  as  a  response  to  the  presence  of 
seal  predators,  rather  than  that  the  seals  deliberately  select  locations  where  aggregations 
are  positioned  deep  in  the  water  column  over  regions  where  aggregations  are  more 
shallow.  In  the  case  of  biomass  density,  however,  it  is  not  obvious  whether  higher 
densities  are  a  response  to  predation  pressure,  or  whether  the  predators  choose  to  forage 
in  regions  where  more  dense  aggregations  tend  to  occur.  Similarly,  in  the  case  of 
aggregation  length,  the  association  of  seals  with  larger  aggregations  may  relate  to  the 
foraging  preferences  of  seals,  or  to  the  anti-predatory  behavior  of  the  krill,  or  both. 


5.4.2.C  Influence  of  ice  cover  during  winter 

During  winter,  Icrill  aggregations  were  present  at  shallower  depths  during  both  day  and 
night  in  regions  where  ice  cover  was  greatest.  Notably,  shallow  depths  (<  100  m)  were 
only  occupied  during  the  daytime  in  regions  where  ice  cover  was  high  (>  8  tenths).  This 
again  may  relate  to  predation  pressure.  The  air-breathing  predators  considered  here 
require  some  gaps  in  the  ice  cover,  and  very  high  ice  cover  may  provide  a  refuge  from 
predation  during  these  daytime  periods  when  predation  by  visual  predators  would 
otherwise  be  high  (Zhou  and  Borland,  2004).  Although  the  exact  association  of  the 
predators  observed  here  with  ice  concentration  is  not  known,  the  fact  that  krill 
aggregations  in  winter  again  occupied  deeper  depths  during  day  when  seal  predators  were 
present  is  at  least  consistent  with  this  scenario.  The  observation  that,  unlike  in  fall  when 
only  deeper  depths  were  occupied  by  aggregations  when  seals  were  present,  krill 
aggregations  were  found  during  winter  at  both  deep  and  shallow  depths  may  relate  to  the 
scale  over  which  a  given  aggregation  was  said  to  be  in  the  presence  of  a  predator  ( 1 0  km) 
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being  less  appropriate  during  the  winter  survey.  Ice  cover  varied  substantially  over  quite 
small  scales,  and  it  is  possible  that  aggregations  found  within  10  km  of  a  given  predator 
might  have  in  fact  been  unattainable  to  it  due  to  increased  ice  cover  at  the  aggregation’s 
location.  The  lack  of  any  apparent  association  of  aggregation  biomass  density  or  depth 
with  ice  cover  in  the  fall  of  2002  may  relate  to  the  sea  ice  in  that  survey  mostly  having 
been  very  recently  formed.  An  alternate  explanation  for  the  shallower  depths  oc  cupied  by 
aggregations  under-ice  is  that  ice  cover  reduced  the  penetration  of  light  into  the  water 
column  such  that  if  the  krill’s  depth  distribution  were  light-dependent,  it  would  shift 
shallower.  This  seems  unlikely,  however,  given  that  the  deepest  depths  occupied  by 
aggregations  did  not  likewise  become  shallower  under-ice,  and  in  fact  became  even 
deeper  than  in  more  ice-free  waters. 

It  is  also  interesting  that  the  increase  in  aggregation  density  between  night  and  day  was 
much  more  dramatic  during  the  winter  of  2002  than  in  fall.  This  may  represent  an  anti¬ 
predation  tactic  associated  with  more  of  the  aggregations  occupying  shallow  depths 
during  day  when  under  the  ice,  where  they  would  be  more  vulnerable  to  predation.  Some 
support  for  this  hypothesis  comes  from  the  finding  that  the  daytime  density  of 
aggregations  during  the  winter  of  2002  was  significantly  larger  when  either  seals  or 
whales  were  present  than  when  they  were  absent. 

Wintertime  vertical  migratory  and  aggregative  behavior  thus  appear  in  part  related  to  the 
avoidance  of  predation  risk.  Given  the  low  water  column  chlorophyll  levels  observed 
during  this  season,  however,  it  is  not  certain  what  benefit  is  gained  by  the  krill  occupying 
shallower  waters  during  the  day;  most  likely  though  it  relates  to  feeding.  Large  krill  were 
not  observed  immediately  under  the  ice  by  divers  as  part  of  companion  studies  conducted 
during  the  present  survey  period  (K.  Daly  personal  communication).  Under-ice  surveys 
with  a  remotely  operated  vehicle  (ROV)  observed  large  krill  in  only  one  instance  out  of 
26  surveys  during  the  winter  of  2002,  at  which  time  the  adult  krill  observed  were  found 
from  immediately  under  the  ice  to  a  depth  of  60  m  at  densities  exceeding  100  individuals 
m'^  (S.  Gallager  unpublished  data,  and  see  US  SO  GLOBEC,  2002).  It  is  conceivable 
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that  the  present  acoustically-observed  aggregations  migrated  to  shallow  depths  during  the 
night  in  order  to  feed  on  ice-associated  algae.  Alternately,  krill  are  known  to  be 
omnivorous  and  may  have  been  feeding  on  zooplankton  found  in  shallow  portions  of  the 
water  column.  Acoustic  scattering  at  120  kHz  aside  from  that  associated  with  krill 
aggregations  was  generally  low  in  winter  at  shallow  depths  (Lawson  et  a/.,  2004), 
perhaps  suggesting  that  any  such  prey  would  be  relatively  small  (e.g.,  microzooplankton) 
and  hence  less  detectable  at  120  kHz.  It  is  noteworthy  that  the  only  previous  study  of  krill 
vertical  migratory  behavior  during  winter  by  Ross  el  aL  (1996)  found  that  krill  were 
always  associated  with  relatively  shallow  depths  (<  100  m);  it  seems  that  krill  in  that 
surveyed  region  may  have  had  the  same  causes,  perhaps  feeding-related,  for  occupying 
shallow  depths,  but  may  have  lacked  the  impetus  of  predators  to  migrate  deeper  during 
the  day. 


5.4.3  Variability  in  aggregation  size 

In  contrast  to  depth  and  biomass  density,  aggregation  size  showed  little  variation  on  diel 
time-scales.  Suggestive  associations  were  observed,  however,  between  aggregation  size 
and  current  shear.  The  largest  aggregation  horizontal  extents  (>  3  km)  were  found  only  in 
regions  of  low  horizontal  shear.  Shear  forces  will  tend  to  stretch  aggregations  apart,  and 
as  aggregations  become  larger  or  as  shear  increases,  the  krill  will  have  a  harder  time 
maintaining  aggregation  cohesion.  There  thus  may  be  a  maximum  aggregation  horizontal 
size  beyond  which  aggregation  continuity  can  not  be  maintained  over  the  aggregation’s 
full  length  and  aggregations  are  pulled  apart  (Zhou  and  Dorland,  2004).  The  finding  that 
very  large  aggregations  were  only  present  where  horizontal  shear  was  low  is  consistent 
with  this  hypothesis.  The  largest  aggregations  in  fall  were  also,  however,  found  in  regions 
of  lowest  chlorophyll  concentrations.  As  was  noted  earlier,  it  must  be  acknowledged  that 
the  tendency  for  krill  to  form  the  largest  aggregations  in  regions  where  chlorophyll  and 
horizontal  shear  were  low  may  reflect  some  other  aspect  of  krill  behavior  or  habitat 
choice,  and  that  chlorophyll  or  shear  may  simply  covary  with  whatever  environmental 
property  is  actually  influencing  aggregation  size.  Seals  were  more  common  in  these 
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coastal  regions  where  the  largest  aggregations  were  present,  for  instance,  and  the  krill 
may  form  these  very  large  aggregations  to  enhance  the  effect  of  diluting  predation 
pressure. 

Variations  in  currents  with  depth,  or  vertical  shear,  similarly  might  be  expected  to  set 
limits  on  the  maximum  vertical  extent  of  krill  aggregations  (Zhou  and  Dorland,  2004). 

For  the  aggregations  considered  here,  the  largest  heights  were  observed  for  middle  ranges 
of  estimated  vertical  shear  magnitude,  while  aggregations  of  smaller  vertical  extent  were 
present  in  regions  of  low  to  high  vertical  shear.  This  is  not  incompatible  with  the 
hypothesis  that  vertical  shear  limits  aggregation  height,  but  nor  does  it  provide  equivocal 
support.  Again,  it  raises  the  question  of  whether  krill  height  being  maximal  in  regions  of 
mid-range  vertical  shear  may  relate  to  some  covarying  environmental  feature. 

5.4.4  Behavior  in  relation  to  krill  length 

Estimates  of  the  weighted  mean  length  of  krill  made  directly  from  acoustic  measurements 
were  available  for  a  subset  of  aggregations  observed  during  the  fall  surveys.  Only  a  small 
number  of  these  were  estimated  to  be  composed  of  small  krill,  but  there  was  some 
suggestion  that  these  small  krill  aggregations  migrated  vertically  less  and  were  found  at 
relatively  shallow  depths.  This  is  consistent  with  the  study  of  vertical  migration  by 
Godlewska  (1996),  and  with  the  observations  of  Daly  and  Macaulay  (1988)  of  a  shallow 
distribution  of  acoustically-observed  aggregations  near  where  nets  sampled  lan^al  and 
juvenile  krill.  Aggregations  composed  of  smaller  krill  also  tended  to  be  smaller  in  vertical 
and  horizontal  extent. 

The  largest  aggregations  in  terms  of  horizontal  and  vertical  extent  were  composed  of  krill 
of  weighted  mean  length  that  corresponded  to  the  regionally  dominant  length  mode  of 
approximately  40  mm  (see  Chapter  4).  Otherwise,  there  was  little  association  of 
aggregation  vertical  position  and  size  with  estimated  krill  length  for  this  larger  length 
mode.  This  analysis  of  hundreds  of  aggregations  thus  supports  the  previous  work  by 
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Ricketts  et  al.  (1992),  who  examined  the  size  and  other  characteristics  of  krill  sampled 
directly  with  a  modified  Longhurst-Hardy  plankton  recorder  in  relation  to  the 
acoustically-determined  depth,  density,  length,  and  height  of  aggregations,  for  30 
aggregations  sampled  simultaneously  by  both  techniques.  These  findings  may  suggest 
that  above  some  threshold  length  surpassed  by  the  dominant  length  mode  present  here, 
aggregation  structure  is  not  limited  by  the  size  and  size-related  swimming  abilities  of 
member  animals. 


5.4.5  Intra-aggregation  variability  in  animal  density  and  size 

Examination  of  the  mean  numerical  density  and  weighted  mean  length  of  krill  estimated 
on  an  element-by-element  basis  for  a  selection  of  very  large  aggregations  found  in  coastal 
reaches  of  the  study  area  in  fall  revealed  interesting  patterns  in  variability.  These 
aggregations  were  chosen  for  this  more  detailed  analysis  as  they  accounted  for  the 
majority  of  overall  estimated  krill  biomass  in  the  study  region  (see  Chapter  4). 
Representative  aggregations  were  presented  here,  and  the  patterns  they  illustrate  are 
typical  of  other  similar  aggregations  analyzed. 

The  inversion  method  employed  here  to  estimate  length  and  numerical  density  assumes 
that  total  volume  backscattering  is  the  sum  of  the  contributions  from  each  scattering  krill, 
which  requires  that  the  scatterers  are  randomly  distributed  within  the  sampled  volume 
(Greenlaw  and  Johnson,  1983).  This  is  likely  to  be  true  for  the  averages  over  all  acoustic 
elements  within  entire  aggregations  considered  in  the  estimation  of  weighted  mean  length 
for  each  aggregation  as  a  whole.  An  added  benefit  of  examining  the  large  and  dense 
aggregations  found  in  coastal  regions  is  that  each  individual  element  within  the 
aggregations  is  also  more  likely  to  meet  this  assumption.  It  is  possible,  however,  that  in 
the  analysis  of  each  element  within  these  case  study  aggregations,  densities  in  some 
elements  may  not  meet  this  assumption.  This  introduces  greater  uncertainty  into  these 
small-scale  length  and  density  estimates.  A  final  concern  is  that  the  inversion  method  also 
makes  the  unverified  assumption  that  variability  in  volume  backscattering  is  due  only  to 
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variation  in  density  or  length,  and  that  all  other  factors  upon  which  scattering  depends 
(e.g.,  orientation,  acoustic  material  properties)  remain  constant  within  the  aggregation. 

Variability  in  estimates  of  the  weighted  mean  length  made  for  each  acoustic  element  was 
low  in  most  aggregations.  Uni-modal  length  distributions  with  relatively  low  variability 
have  been  demonstrated  previously  for  smaller  aggregations  (<  1  km  in  length;  Watkins, 

1 986),  and  it  is  interesting  that  this  trend  holds  for  the  larger  (many  km)  aggregations 
considered  here.  This  is  indicative  of  a  single  cohort  of  animals  in  each  aggregation. 
Wiebe  et  al.  (2004),  however,  observed  a  strongly  bimodal  distribution  of  lengths  (modes 
near  8  and  40  mm)  in  a  series  of  net  samples  through  a  large  aggregation  obsen^ed 
acoustically  during  the  fall  2001  survey  (see  also  Chapter  4).  As  discussed  in  Chapter  4, 
the  scattering  from  animals  of  the  larger  length  mode,  if  present,  will  overwhelm  any 
contributions  from  the  smaller  individuals.  The  weighted  mean  lengths  reported  here  thus 
relate  to  the  adult  krill  present  in  the  region,  and  likely  obscure  any  smaller  (e.g.,  larval) 
krill  that  may  be  present  in  a  given  aggregation. 

In  addition,  little  evidence  was  found  for  size  segregation,  or  tendencies  for  length  to  vary 
in  a  systematic  manner,  within  aggregations.  What  variability  was  observed  may  relate  to 
actual  small-scale  variation  in  krill  length,  or  to  variability  introduced  by  the  stochastic 
nature  of  krill  scattering.  The  exception  to  this  overall  pattern  was  the  aggregation 
observed  on  May  24,  2001,  where  the  weighted  mean  length  varied  in  a  systematic 
fashion  with  depth  in  the  aggregation,  increasing  from  a  length  mode  near  15  mm  at 
shallow  depths  to  larger  sizes  at  greater  depths.  It  is  interesting,  but  not  obvious,  why  the 
small  krill  should  be  found  shallower  within  the  aggregation.  Following  on  the  point 
made  above,  it  is  possible  that  a  smaller  length  mode  is  more  commonly  present  in  these 
large  aggregations  but  hidden  from  our  acoustic  analyses  by  the  dominant  scattering  of 
the  larger  animals,  and  in  this  one  case  the  smaller  krill  were  spatially  separated  from 
their  larger  relatives. 
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The  analyses  discussed  in  sections  5.4. 1  to  5.4.4  and  in  Chapter  4  involved  estimates  of  a 
single  weighted  mean  length  and  density  of  krill  in  each  acoustically-identified 
aggregation,  based  on  inversions  of  mean  volume  backscattering  averaged  over  all 
acoustic  elements  within  the  aggregation.  This  approach  was  necessitated  by  constraints 
imposed  by  computer  processing  time  and  a  desire  to  examine  every  krill  aggregation 
identified.  In  contrast,  the  application  discussed  here  of  the  inverse  method  to  each 
acoustic  element  capitalized  fully  on  the  high  resolution  of  the  acoustic  data  and  provided 
information  on  intra-aggregation  variability.  It  is  pertinent  to  compare  the  results  of  the 
inversions  based  on  mean  volume  backscattering  to  the  by-element  analyses  presented 
here.  The  distribution  of  weighted  mean  lengths  estimated  on  a  by-element  basis  for  the 
large  aggregation  observed  in  Crystal  Sound  on  May  14,  2002  (Figure  5.28)  compares 
favorably  to  the  distribution  of  weighted  mean  lengths  estimated  on  a  by-aggregation 
basis  for  the  various  krill  aggregations  observed  in  this  same  region  and  general  time 
period  (upper-right  panel.  Figure  4.6).  Correspondingly,  the  median  over  all  estimated 
weighted  mean  lengths  for  all  elements  from  the  by-element  analysis  was  36  mm,  while 
that  from  the  by-aggregation  analysis  was  37.5  mm. 

Unlike  length,  the  numerical  density  of  animals  varied  substantially  within  individual 
aggregations.  This  suggests  that  the  often  strong  variability  in  volume  backscattering 
evident  in  the  acoustically-identified  krill  aggregations  relates  more  to  variability  in 
abundance  than  size,  under  the  assumption  made  by  the  acoustic  inversion  method  of 
constant  krill  orientation,  shape,  and  acoustic  material  properties  within  the  aggregation. 
The  driving  forces  behind  this  small-scale  intra-aggregation  variability  pose  an  intriguing 
question  for  future  study. 


5.5  CONCLUSIONS 

The  present  examination  of  the  size,  density,  and  vertical  position  of  individual  krill 
aggregations  in  relation  to  a  variety  of  properties  of  the  physical  and  biological 
environment  has  allowed  a  number  of  interesting  ecological  insights.  Most  notably,  krill 
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aggregations  were  observed  to  exhibit  diel  changes  in  vertical  position  and  biomass 
density;  such  diel  vertical  migrations  had  not  previously  been  observed  for  krill  during 
winter.  Concurrent  observations  of  chlorophyll  a  concentrations  and  the  occurrence  of 
predators,  including  whales,  seals,  and  penguins,  suggested  that  food  availability  and 
predation  pressure  were  important  drivers  of  krill  aggregation  and  vertical  migration. 
During  the  winter  of  2002,  the  presence  of  pack  ice  also  showed  some  association  with 
these  behaviors.  The  relative  influences  of  these  various  factors  on  aggregation  structure 
and  vertical  position  could  not  be  assessed,  however,  and  would  represent  an  interesting 
avenue  of  further  study.  There  was  little  association  between  the  characteristics  of 
individual  aggregations  and  the  weighted  mean  length  of  krill  estimated  acoust  ically,  and 
thus  little  evidence  for  any  size-related  changes  in  aggregative  behavior,  for  the  sizes  of 
krill  present  in  this  region.  Finally,  the  application  of  the  inverse  method  for  estimating 
acoustically  the  weighted  mean  length  and  density  of  krill  in  each  acoustic  element  (1.5 
by  ca.  35  m)  demonstrated  the  full  potential  of  acoustic  techniques  to  provide  high 
resolution  information  on  ecologically-relevant  quantities,  and  in  one  instance  also 
revealed  an  intriguing  pattern  in  the  size-segregation  of  individuals  within  a  large  krill 
aggregation. 
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Chapter  6 

Conclusions 


The  work  presented  in  this  thesis  makes  contributions  to  the  fields  of  both  zooplankton 
acoustics  and  Antarctic  krill  ecology,  and  more  broadly  to  the  study  of  zooplankton 
patchiness  in  general.  It  is  also  of  central  importance  to  ongoing  collaborative  Vv^ork  in  the 
Southern  Ocean  GLOBEC  program  aimed  at  understanding  the  interactions  of  Icrill  with 
their  predators.  Rather  than  repeat  the  material  found  in  the  discussion  and  concluding 
sections  to  each  of  the  preceding  chapters,  the  emphasis  here  will  be  on  assessing  the 
broader  significance  of  the  present  findings. 


6.1  ANTARCTIC  ZOOPLANKTON  ACOUSTICS 

Initial  application  of  acoustic  techniques  for  the  quantification  of  Antarctic  krifi 
abundance  was  motivated  by  a  need  for  accurate  estimates  of  total  stock  size  for  prudent 
management  of  the  krill  fishery  (Everson  and  Miller,  1994).  Perhaps  by  virtue  of  having 
their  origins  in  fisheries  management,  acoustic  methods  applied  to  the  study  of  krill  were 
largely  modeled  after  the  single-frequency  techniques  commonly  in  use  in  fisheries 
acoustics.  In  the  field  of  fisheries  acoustics,  the  study  species  is  typically  a  large  and 
strongly-scattering  swimbladdered  fish,  for  which  the  assumptions  of  single-frequency 
methods  are  often  more  appropriate,  and  target  strength  is  estimated  on  the  basis  of 
empirical  models  derived  from  in  situ  observations  of  animals  of  varying  length 
(Maclennan  and  Simmonds,  1992). 
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Only  more  recently  have  multi-frequency  techniques  been  applied  to  acoustic  surveys  for 
Antarctic  kxilL  The  multi-frequency  approach  has  long  been  a  key  feature  of  the  field  of 
zooplaakton  acoustics,  however,  dating  to  the  seminal  work  of  McNaught  in  the  1960s 
and  Holliday  in  the  1970s  (McNaught,  1968,  1969;  Holliday,  1977).  Unlike 
swimbladdered  fish,  which  scatter  sound  strongly  and  are  often  found  in  mono-specific 
aggregations,  zooplankton  are  typically  weak  scatterers,  barely  different  in  acoustic  terms 
from  the  surrounding  seawater,  and  usually  occur  in  heterogeneous  communities  with 
animals  of  diverse  sizes,  shapes,  and  acoustic  material  properties.  Multi-frequency 
techniques  can  help  discriminate  among  the  different  sizes  and  scatterer  types  present  in 
such  communities.  Furthermore,  due  to  the  small  size  of  zooplankton  and  their  tendency 
to  occur  in  these  heterogeneous  communities,  most  of  the  current  understanding  of  their 
target  strength  has  been  derived  from  physics-based  modeling  in  combination  with  tank- 
based  experimental  studies. 

An  important  contribution  of  this  thesis  therefore  has  been  to  continue  the  process  of 
bringing  to  the  field  of  Antarctic  krill  acoustics  the  knowledge  gained  by  zooplankton 
acousticians  in  other  regions.  The  demonstration  in  Chapter  2  that  krill  are  the  dominant 
scatterer  only  at  very  particular  times  and  places  confirms  that  the  assumption  that  all 
scattering  stems  from  krill  is  inappropriate,  and  is  consistent  with  the  findings  in  other 
oceans  where  the  dominant  zooplankton  scatterer  varies  substantially  over  space  and  time 
(Lavery  et  aL,  submitted).  Chapter  3  carries  on  the  work  initiated  by  Stanton  et  al. 

(1993),  who  developed  the  first  incarnation  of  the  modem  sophisticated  and  broadly- 
applicable  scattering  models  for  elongated  zooplankton  such  as  euphausiids,  which  was 
then  subsequently  refined  through  the  efforts,  among  others,  of  Stanton  et  al.  (1998), 
McGehee  et  al.  (1998),  and  Lavery  et  al.  (2002).  Application  of  these  models  has  been 
plagued  by  concerns  over  the  appropriate  parameterization  of  the  angle  of  acoustic 
incidence,  however,  and  the  central  contribution  of  Chapter  3  is  to  parameterize  fully 
such  a  theory-based  model  for  krill  target  strength  and  then  rigorously  verify  it  with  in 
situ  observations. 
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The  Greene  et  al.  (1991)  semi-empirical  model  of  krill  target  strength  in  widespread  use 
in  krill  acoustics  was  proposed  as  a  highly  useful  and  practical  means  of  estimating  krill 
target  strength,  at  a  time  when  sophisticated  theoretical  models  of  euphausiid  target 
strength  were  still  in  development.  Certainly  since  the  Stanton  et  al.  (1993)  model, 
however,  doubts  have  existed  concerning  the  validity  of  the  Greene  et  r//.  (1991) 
approach.  The  fully  parameterized  and  verified  target  strength  model  of  Chapter  3 
presents  a  means  of  predicting  krill  target  strength  that  is  arguably  preferable  to  this  semi- 
empirical  model.  The  work  of  Chapter  3  has  further  demonstrated  the  validity  and 
flexibility  of  the  theoretical  approach  to  understanding  krill  scattering,  which  is  in 
common  use  elsewhere  in  zooplankton  acoustics. 

The  comparison  to  fisheries  acoustics  is  not  completely  misplaced,  however,  as  the  krill 
do  form  aggregations  that  are  mostly  mono-specific  in  composition  and  uni-modal  in 
length  distribution.  This  greatly  simplifies  the  circumstances  relative  to  other  applications 
in  zooplankton  acoustics,  where  the  degree  of  heterogeneity  in  community  composition 
can  make  quantitative  estimates  of  abundance  difficult  even  with  multi-frequency 
techniques  (Lavery  et  al.,  submitted).  Chapter  4  has  provided  some  additional  \'erification 
of  the  robust  nature  of  established  multi-frequency  methods  for  discriminating  :he  krill 
aggregations  from  other  sources  of  scattering.  By  virtue  of  being  able  to  assume  that 
these  acoustically-identified  aggregations  are  composed  only  of  krill  of  a  single  length 
mode,  the  process  of  estimating  krill  density  and  length  is  also  greatly  simplified.  The 
potential  for  multi-frequency  data  and  mathematical  inverse  techniques  to  be  used  for  the 
simultaneous  and  quantitative  estimation  of  zooplankton  abundance  and  size  hais  been 
known  since  Holliday  (1977),  but  Chapter  4  of  this  thesis  marks  the  first  time  that  such 
methods  have  been  applied  to  broad-scale  data  from  Antarctic  krill  surveys.  Due  to 
constraints  imposed  by  computer  processing  time,  the  analyses  of  Chapter  4  estimated 
only  a  single  mean  length  and  density  for  each  acoustically-observed  krill  aggregation. 
The  application  of  the  inverse  method  in  Chapter  5  to  estimate  the  length  and  density  of 
krill  for  each  acoustic  element  in  certain  krill  aggregations  of  particular  interest  then 
capitalized  fully  on  the  high  resolution  of  the  acoustic  data.  The  demonstration  that  multi- 
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frequency  acoustic  data  can  be  used  to  estimate  krill  length  and  abundance  over  large 
survey  areas  without  recourse  to  net  samples  should  provide  the  antarctic  researcher  with 
a  valuable  tool.  It  is  important  to  note,  however,  that  these  various  acoustic  methods  are 
not  without  their  limitations,  and  important  caveats  listed  in  Chapters  3  and  4  accompany 
their  use. 

The  combined  application  of  the  various  acoustic  methodologies  developed  in  this  work 
has  yielded  rigorous  estimates  of  biologically-meaningful  quantities  that  have  allowed 
otherwise  unattainable  insight  into  the  ecological  questions  that  constitute  the  focus  of  the 
later  thesis  components. 


6.2  ANTARCTIC  KRILL  ECOLOGY 

A  variety  of  hypotheses  have  been  proposed  by  previous  investigators  concerning 
seasonal  variability  in  krill  distribution,  but  testing  of  these  hypotheses  has  been  limited 
by  a  paucity  of  suitable  observations  during  fall  and  winter.  Similarly,  while  it  is 
generally  accepted  that  aggregation  and  vertical  migration  by  the  Antarctic  krill  represent 
a  trade-off  between  the  avoidance  of  visual  predators  and  feeding  on  shallowly- 
distributed  phytoplankton  prey,  this  hypothesis  has  emerged  largely  on  the  basis  of 
circumstantial  evidence.  The  nature  of  the  various  datasets  collected  for  and  available  to 
the  present  work  have  thus  afforded  a  number  of  important  insights  into  outstanding 
questions  in  the  field  of  Antarctic  krill  ecology. 

The  examination  of  the  broad-scale  distribution  of  first  zooplankton  volume 
backscattering  strength  and  then  krill  biomass  in  particular  in  Chapters  2  and  4  makes  a 
fundamental  contribution  to  current  understanding  of  the  ecology  of  a  poorly-understood 
region  and  lime  of  year.  The  coupling  between  antarctic  zooplankton  distributions  and 
physical  processes  and  environmental  conditions  has  not  previously  been  explored  to  the 
level  of  detail  that  was  possible  here.  The  suggestion  from  Chapter  2  that  the  advective 
features  of  intrusions  of  circumpolar  deep  water  onto  the  shelf  and  meso-scale  gyres  play 
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an  important  role  in  determining  the  overall  distribution  of  zooplankton  is  particularly 
intriguing. 

The  work  of  Chapter  4  has  likewise  allowed  important  insight  into  the  distribution  of  krill 
in  particular,  as  well  as  into  the  various  hypotheses  that  exist  concerning  its  seasonal 
variability.  The  present  observation  of  very  large  krill  aggregations  at  depth  over  the 
continental  shelf  region  under  thick  ice  in  the  winter  of  2002  is  quite  unusual,  and 
provides  further  confirmation  that  the  entire  krill  population  does  not  spend  the  winter  in 
immediate  association  with  the  under-ice  environment,  as  suggested  by  Marschall  (1988). 
It  is  also  not  fully  consistent  with  the  hypothesis  of  Siegel  (1988)  that  krill  migrate  during 
fall  from  their  summertime  spawning  grounds  along  the  shelf  break  to  over-winter  in 
inshore  waters.  Tantalizing  associations  were  also  evident  between  krill  biomas:s  and 
regions  close  to  the  continent  where  water  temperatures  at  depth  were  relatively  cool, 
although  the  exact  impetus  behind  such  associations  remains  unclear. 

Taken  as  a  whole,  this  work  depicts  a  species  with  enormous  variability  in  its 
distribution,  in  both  a  seasonal,  inter-annual,  and  spatial  sense.  To  some  extent,  this 
variability  likely  relates  to  physical  processes:  the  results  of  the  present  work  and  earlier 
studies  suggest  that  currents  play  a  part  in  determining  krill  distribution  and  aggregation 
structure.  The  krill  is  a  competent  swimmer,  however,  and  many  of  the  present  results  are 
also  consistent  with  the  notion  of  active  behaviors  and  habitat  choice.  The  observation 
made  in  Chapter  4  of  large  aggregations  present  at  depth  in  coastal  waters  where  krill  are 
not  known  to  congregate  in  spring  and  summer  (Lascara  et  aL,  1999),  for  instance,  seems 
most  likely  the  result  of  active  behavioral  decisions.  As  noted  in  a  recent  reviev/  by  Nicol 
(2006),  there  is  a  tendency  in  the  field  of  krill  ecology  to  view  the  krill  either  as  being 
similar  to  schooling  fish  species,  capable  of  swimming  fast  enough  to  be  free  of  the 
constraints  of  currents  and  thereby  being  distributed  mostly  on  the  basis  of  active  habitat 
choices,  or  as  enjoying  a  mostly  passive  planktonic  existence  and  a  distribution  dictated 
primarily  by  advection  and  physical  processes.  This  is  perhaps  analogous  to  the  division 
between  the  ‘fisheries’  and  ‘zooplankton’  approaches  to  krill  acoustics,  and  similarly 
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might  reflect  scientific  interest  in  the  krill  originating  in  the  disciplines  of  either  fisheries 
science  or  biological  oceanography.  It  is  well  beyond  the  scope  of  the  present  work  to 
decide  unequivocally  between  these  two  positions,  but  the  results  reported  here,  as  well 
as  intuition,  might  suggest  that  some  combination  of  both  physical  forces  and  active 
behaviors  is  in  fact  the  case. 

The  final  contribution  of  this  work  lies  in  its  examination  of  the  attributes  of  individual 
krill  aggregations,  where  perhaps  the  most  exciting  ecological  advances  were  achieved. 
Prior  to  this  work,  diel  vertical  migration  of  krill  aggregations  had  not  been  demonstrated 
directly  during  winter.  This  study  is  also  unusual  in  its  having  direct  observations  of 
many  of  the  environmental  properties  hypothesized  to  influence  krill  aggregation  and 
vertical  migrations,  and  the  analyses  of  Chapter  5  have  afforded  revealing  inferences 
concerning  the  causes  and  nature  of  these  behaviors.  An  especially  novel  aspect  of 
Chapter  5  has  been  the  direct  examination  of  the  impact  of  a  variety  of  predators  on  krill 
aggregations,  resulting  in  the  suggestion  that  abundant  crabeater  seals  may  have  the 
strongest  influence  on  krill  behavior,  rather  than  the  more  rare  whale  and  smaller  penguin 
predators.  Although  there  remains  some  uncertainty  in  teasing  apart  the  relative 
influences  of  food  availability  and  predation  pressure  on  the  structure  and  vertical 
positioning  of  krill  aggregations,  the  work  of  this  chapter  has  afforded  substantial  insight. 

While  the  present  work  provides  some  interesting  descriptions  of  krill  distribution  and 
aggregative  behavior,  and  allows  inferences  as  to  the  impetus  behind  these  phenomena,  it 
leaves  a  number  of  intriguing  questions  unanswered.  For  instance,  the  exact  reasons  why 
the  krill  form  such  large  aggregations  in  coastal  regions  in  fall  remain  unknown. 
Similarly,  although  the  work  of  Chapter  5  provides  a  strong  suggestion  that  food 
availability  and  predation  pressure  are  important  drivers  of  krill  aggregation,  a  more 
definite  understanding  of  the  interactions  of  these  two  forces  awaits  further  and  more 
direct  study. 
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Many  of  these  questions  might  most  profitably  be  addressed  in  two  ways.  First,  based  on 
the  understanding  of  krill  distribution  gained  from  these  surveys  of  fixed  sampling  grids, 
a  sensible  next  step  might  be  to  conduct  studies  wherein  individual  aggregations  are 
located  and  followed  for  some  period  of  time.  The  response  of  these  aggregatio  ns  to 
changing  environmental  conditions  and  the  presence  of  different  types  of  predai:ors  would 
be  invaluable  in  teasing  apart  the  relative  impact  of  these  forces  identified  in  the  present 
work  as  likely  being  important.  Second,  theoretical  models  that  couple  krill  aggregative 
behavior  to  physical  flow  might  allow  an  examination  of  the  relative  importance  of  the 
two  in  determining  distribution  and  aggregation  structure.  The  results  of  the  present 
work,  combined  with  previous  studies  of  krill  swimming  speed  and  other  behaviors, 
could  provide  a  strong  empirical  basis  for  all  necessary  parameterization. 


6.3  RELATION  TO  OTHER  WORK 

The  present  work  also  makes  key  contributions  to  collaborative  work  in  the  Southern 
Ocean  GLOBEC  program  aimed  at  understanding  the  interactions  of  top  antarcric 
predators  with  their  krill  prey  and  the  functioning  of  the  ecosystem  as  a  whole.  A 
distinctive  feature  of  the  SO  GLOBEC  broad-scale  surveys  is  that  in  addition  to  the 
quantification  of  the  distribution  of  krill  reported  in  the  present  work,  concurrent  visual 
observations  were  made  of  the  along-track  abundance  of  various  krill  predators  The 
quantitative  descriptions  of  krill  distribution  that  have  resulted  from  the  present  work 
form  the  foundation  for  detailed  investigations  of  how  the  distribution  of  these  predators 
is  associated  with  that  of  their  prey. 

These  investigations  are  ongoing,  but  some  very  interesting  early  associations  have 
already  been  revealed.  The  distributions  of  minke  and  humpback  whales  during  fall  in  the 
study  region  both  appear  to  be  associated  with  the  distribution  of  krill  biomass  measured 
in  the  present  work  (Figure  6. 1 ;  Friedlaender  et  ai,  in  press,  submitted).  Examining  the 
characteristics  of  the  individual  krill  aggregations  identified  here,  moreover,  reveals 
differences  in  the  depths  of  aggregations  targeted  by  these  two  whales,  potentially 
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Figure  6.1  -  Distribution  of  minke  (O)  and  humpback  (X)  whales  in  the  survey  region 
during  the  fall  of  2001,  in  relation  to  the  concurrently-measured  krill  biomass.  Biomass 
values  plotted  here  are  the  water  column  (1-600  m)  averages  in  1-km  along-track 
intervals  described  in  Chapter  4.  Figure  was  prepared  by  G.L.  Lawson  for  Fricdlacndcr  et 
al.  (submitted). 


290 


explaining  how  two  such  closely  related  species  can  have  evolved  to  inhabit  the  same 
region  and  feed  upon  the  same  prey  item  without  experiencing  inter-specific  competition 
(Friedlaender  et  aL,  submitted).  Perhaps  unsurprisingly  in  light  of  the  associations 
between  aggregation  depth  and  the  presence  of  seal  predators,  examinations  of  the 
distribution  of  seals  in  winter  along  short  subsections  of  the  survey  lines  studied  here 
have  likewise  found  a  strong  correlation  with  krill  biomass  (e.g.,  Figure  6.2;  Ribic  et  aL, 
submitted).  The  Ribic  et  al.  (submitted)  study  also  found  the  distribution  of  Adelie 
penguins  to  be  inconsistently  associated  with  krill  biomass,  significantly  correlated  on 
some  transects  but  not  others,  and  the  distribution  of  more  shallow-foraging  snow  petrels 
to  be  mostly  independent  of  that  of  the  krill.  Finally,  an  assessment  of  the  distribution  of 
blue  and  fin  whales  during  fall  based  on  the  measurements  of  passive  listening  buoys 
deployed  during  the  surveys  considered  here  found  an  inverse  correlation  with  krill 
biomass  (Sirovic,  2006).  This  may  relate  to  these  whales  being  in  transit  rather  than  a 
feeding  behavioral  mode.  Alternately,  the  fact  that  whale  distribution  was  positively 
associated  with  chlorophyll  a  concentrations  may  suggest  top-down  control  of  the  food 
web:  in  regions  where  they  are  present,  these  large  whales  may  substantially  deplete  the 
local  krill  populations  that  would  otherwise  graze  down  phytoplankton  stocks,  thereby 
releasing  these  primary  producers  from  grazing  pressure  and  allowing  them  to  achieve 
high  concentrations  (Sirovic,  2006). 

Still  other  predator  datasets  have  yet  to  be  considered  in  light  of  the  present  findings 
concerning  krill  distribution  and  aggregation  structure.  For  instance,  seals  tagged  during 
the  SO  GLOBEC  program  showed  patterns  of  habitat  use,  including  deeper  dives  during 
fall  and  winter  than  are  typical  of  spring  and  summer  (Bums  et  al.,  2004),  that  will  likely 
prove  to  be  related  to  the  dynamics  of  their  krill  prey  (e.g..  Figure  6.3).  Comparison  of 
these  records  from  tagged  seals  to  the  patterns  of  aggregation  vertical  migrations  inferred 
here  may  also  allow  additional  insight  into  this  complex  krill  behavior. 

Many  of  the  questions  that  emerge  from  the  current  work  will  also  be  addressed  as  the 
results  of  the  U.S.  Southern  Ocean  GLOBEC  program  are  synthesized  with  related 
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Figure  6.2  -  Associations  of  bird  and  seal  predators  with  the  distribution  of  krill  biomass. 
Top  plot  shows  the  densities  (individuals  500  m'')  of  crabeater  seals,  Adelie  penguins, 
and  snow  petrels  measured  by  bird  observers  concurrent  to  acoustic  surveying,  relative  to 
along-track  time.  Middle  plot  shows  on  the  left-hand  y-axis  acoustically-estimated  krill 
biomass,  averaged  over  the  same  500-m  along-track  intervals  as  the  predator  densities,  in 
depth  ranges  of  25-100  and  101-300  m.  Right-hand  y-axis  shows  the  volume 
backscattering  remaining  after  krill  scattering  was  excised,  similarly  averaged  and  used 
here  as  an  index  of  the  biomass  of  other,  non-krill,  zooplankton  biomass.  Bottom  plot 
shows  echogram  of  the  raw  acoustic  volume  backscattering  strength  data  at  120  kHz 
(same  color-scale  as  elsewhere  in  the  thesis,  e.g..  Figure  5.28).  Gaps  in  the  echogram 
indicate  gaps  in  surveying.  Figure  prepared  by  G.L.  Lawson  for  Ribic  et  al.  (submitted). 
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Figure  6.3  -  Diving  behavior  of  crabeater  seals  observed  during  August  of  2002  in  the 
vicinity  of  Crystal  Sound,  north  of  Marguerite  Bay.  Main  plot  shows  the  dive  profiles  in 
depth  and  horizontal  position  for  individually-tagged  seals.  Upper-right  plot  shows  120 
kHz  acoustic  data  collected  on  May  14  2002  (yearday  134)  in  the  same  region  used  by 
these  seals,  at  which  time  the  very  large  krill  aggregation  described  in  more  detail  in 
Chapters  4  and  5  was  observed  (see  Table  4.1  and  Figure  5.28).  Blue  line  indicates  where 
the  bottom  echo  was  excised.  Seal  plot  provided  by  D.  Costa  (personal  communication). 
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research  initiatives.  The  understanding  reached  in  the  present  research  concerning 
seasonal  and  inter-annual  variability  in  krill  distribution  and  abundance,  for  example,  is 
somewhat  compromised  by  a  lack  of  knowledge  of  processes  occurring  in  the  springs  and 
summers  immediately  preceding  and  succeeding  the  survey  periods  considered  here. 
Similarly,  the  lack  of  knowledge  concerning  krill  abundance  in  waters  adjacent  to  the  SO 
GLOBEC  survey  site  sets  limits  to  the  conclusions  that  can  be  drawn;  as  discussed  in 
Chapter  4,  the  extreme  variability  evident  between  the  winters  of  2001  and  2002  in  krill 
distribution  and  abundance  might  be  clarified  if  the  variability  in  krill  abundance  at 
upstream  locations  were  known. 

Fortunately,  ongoing  work  by  the  Palmer  Long  Term  Ecological  Research  program 
considers  krill  distribution  and  other  processes  occurring  at  a  variety  of  times  of  year  in  a 
study  region  that  includes  the  northern  portion  of  the  SO  GLOBEC  site  and  waters  farther 
north  (Quetin  and  Ross,  1992).  Likewise,  the  German  Southern  Ocean  GLOBEC 
program  has  conducted  research  cruises  to  nearby  and  overlapping  waters  during  time 
periods  adjacent  to  those  studied  here  (e.g.,  the  early  fall  of  2001;  Pakhomov  et  al., 

2004).  Finally,  there  exist  a  wealth  of  historical  data;  the  distribution  of  whaling  vessels 
in  off-shelf  waters  of  the  Bellingshausen  Sea,  for  example,  provides  an  indication  that  the 
whale’s  krill  prey  was  found  in  these  oceanic  waters  at  some  times  of  year.  Undoubted  ly 
as  these  various  sources  of  information  are  combined  with  the  results  of  the  present  work 
and  other  companion  studies  within  the  SO  GLOBEC  program,  new  and  exciting 
findings  will  emerge. 


6.4  BROADER  IMPACT 

In  more  general  terms,  this  work  has  yielded  insight  into  the  spatial  and  temporal 
variability  of  antarctic  zooplankton  distributions,  as  well  as  into  the  causes  and  nature  of 
krill  aggregative  behavior.  Such  information  is  relevant  to  studies  of  the  ecological  role 
played  by  zooplankton  in  the  Antarctic,  the  design  and  implementation  of  krill  fishery 
stock  assessment  surveys,  and  the  biogeochemistry  of  the  Southern  Ocean. 
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The  work  also  has  broader  implications  to  the  application  of  acoustic  techniques  to  the 
study  of  zooplankton  beyond  the  Antarctic.  The  confluence  of  favorable  circumstances:  a 
study  species  that  forms  mono-specific  aggregations  that  have  a  mostly  uni-modal  size 
composition  and  are  sufficiently  distinct  in  scattering  characteristics  that  they  can  be 
distinguished  from  other  animals,  combined  with  a  fully  parameterized  scattering  model, 
together  may  serve  to  make  this  study  distinctive  in  the  field  of  zooplankton  acoustics  for 
its  ability  to  make  quantitative,  rigorous,  and  defensible  estimates  of  abundance  of  the 
study  zooplankter.  The  parameterization  of  the  theoretical  DWBA-based  scattering  model 
developed  here  was  intended  specifically  for  application  to  the  Antarctic  krill,  but  the 
general  approach  of  fully  and  carefully  parameterizing  all  necessary  parameters  based  on 
measurements  of  the  actual  animal  under  investigation  in  the  time  and  region  cf 
surveying  is  certainly  more  broadly  applicable  to  the  study  of  other  zooplankton.  In  fact, 
the  variability  in  parameter  values  suggested  by  comparison  of  the  present  results  to  other 
studies  would  suggest  that  this  approach  is  not  just  applicable  but  also  highly  desirable. 
Comparison  of  model  predictions  to  in  situ  observations  then  provides  additional 
verification;  in  the  present  case,  this  comparison  was  highly  favorable,  which  also 
provides  further  validation  of  the  model-based  approach  to  understanding  zooplankton 
scattering.  The  overall  tactic  of  using  multi-frequency  acoustic  data  in  combination  with 
other  lines  of  evidence  to  identify  regions  of  the  acoustic  record  where  a  single  taxon  and 
size  group  dominated  scattering,  and  then  only  for  those  regions  seeking  to  make 
quantitative  estimates  of  animal  length,  abundance,  and  biomass,  is  likewise  more 
generally  applicable  to  acoustic  studies  elsewhere.  This  two-stage  approach,  together 
with  the  fully  parameterized  and  verified  target  strength  model,  in  sum  lend  substantial 
confidence  to  the  resultant  estimates  of  biologically-relevant  quantities. 

The  work  also  contributes  more  broadly  to  current  understanding  of  the  physical  and 
biological  forces  that  drive  zooplankton  patchiness  in  continental  shelf  regions  beyond 
the  Southern  Ocean.  In  fact,  the  present  results  are  perhaps  most  revealing  in  comparison 
to  similar  acoustic  studies  of  euphausiids  made  in  GLOBEC  programs  elsewhere.  In  the 
Northeast  Pacific,  for  example,  related  but  smaller  euphausiid  species  (e.g.,  Euphausia 
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pacifica,  ca.  16  mm  in  length)  also  form  large  acoustically-recognizable  aggregations, 
and  the  distribution  of  these  appeared  to  relate  primarily  to  retention  by  meso-scale 
circulation  features  and  bottom  topography  (Ressler  et  al.,  2005).  This  parallels  the 
findings  of  the  present  work,  although  the  distribution  of  the  larger  and  more  strongly 
swimming  Antarctic  krill  studied  here  may  be  influenced  to  a  larger  extent  by  active 
behavioral  choices.  In  contrast,  work  in  the  Gulf  of  Maine  GLOBEC  study  region  has 
suggested  that  euphausiids  are  rarely  the  dominant  zooplankton  present,  in  terms  of  either 
acoustic  returns  or  biomass  (Lavery  et  aL,  submitted).  The  ecological  role  fulfilled  in  the 
Southern  Ocean  by  the  Antarctic  krill  is  presumably  replaced  by  some  other  group, 
perhaps  by  the  small  pelagic  schooling  fishes  which  are  absent  in  the  Antarctic 
continental  shelf  ecosystem. 

Our  understanding  of  the  coupling  of  biological  and  physical  forces  in  determining  the 
distribution  and  population  dynamics  of  zooplankton,  including  euphausiids,  has 
increased  dramatically  as  the  various  GLOBEC  programs  of  the  world’s  oceans  have 
investigated  their  various  localities.  These  initiatives  have  now  attained  a  high  degree  of 
maturity,  and  are  poised  to  allow  a  synthesis  of  their  collective  findings.  From  this 
synthesis  a  new  understanding  and  predictive  capacity  should  emerge  concerning  how 
this  diverse  and  highly  important  zooplanktonic  component  of  the  marine  ecosystem 
interacts  with  its  environment  and  might  be  expected  to  respond  to  environmental 
change. 
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